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The melanin-concentrating hormone (MCH) system, composed of the hypothalamic 

neuropeptide MCH and its receptor MCHR1, is a critical regulator of several functions, including 

energy homeostasis, food intake, sleep, stress, mood, aggression, reward, and cognition. The 

MCH system is expressed primarily in the lateral hypothalamus and zona incerta and projects 

throughout the central nervous system. MCHR1 is widely distributed in several brain regions, 

particularly in the frontal cortex, amygdala, nucleus accumbens, and hippocampus, suggesting 

that MCH may modulate social, emotional, and cognitive functions. MCHR1 is a G protein-coupled 

receptor that is located in the primary neuronal cilia. 

Primary cilia are small microtubule backbones, hair-like structures that protrude from the 

plasma membrane of almost every cell, including neurons. They serve as sensory organelles that 

detect and transduce extracellular signals, such as mechanical and chemical stimuli, into 

intracellular signals that regulate cell signaling pathways and gene expression. Ciliopathies are a 

group of inherited disorders caused by defects in cilia structure or function, and many of the genes 

implicated in these disorders have been linked to neurological deficits, including cognitive 



 xv 

impairments. Despite the evidence suggesting that cilia dysfunction may play a role in psychiatric 

disorders, such as schizophrenia, autism spectrum disorder, bipolar disorder, and major 

depressive disorder, the specific mechanisms underlying this association remain poorly 

understood. Alongside, almost all brain cells have cilia that are made of microtubules that play 

critical roles in brain functions. They are essential for brain formation and maturation during 

neurodevelopmental stages, and in the adult brain, they act as signaling hubs that receive and 

transduce various signals, regulating cell-to-cell communications. Cilia are intricate and adaptable 

sub-cellular systems that work in a coordinated way to perform their structural and functional 

roles. These roles involve sensing environmental stimuli that follow circadian rhythms, which 

suggests that genes that encode the components of cilia might also have circadian patterns of 

expression. 

G-protein-coupled receptors (GPCRs) are crucial to the neurobiology of psychiatric 

disorders, as they mediate the effects of most neurotransmitters implicated in these disorders and 

are the primary targets of psychotropic drugs. However, their precise role in the development and 

progression of psychiatric disorders remains poorly understood. The MCH system is a critical 

player in several physiological and behavioral functions, and the MCHR1 receptor's distribution 

in neuronal primary cilia suggests that MCH may regulate these functions by modulating cellular 

signaling pathways. Further research is necessary to understand the exact mechanisms by which 

MCH exerts its action and how modulation of the MCH system could be utilized for therapeutic 

purposes.  

This thesis investigates the dysregulation of cilia genes in psychiatric disorders, with a 

focus on circadian patterns, age-related changes, and region-dependent functions. Additionally, 

the thesis examines the involvement of brain primary cilia in MCH signaling and its role in the 

manifestation of behavioral deficits related to social and cognitive impairments in animal models 
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with time-dependent ciliary MCHR1 deletion. Finally, we begin to explore the potential of MCH 

fragment analogues as treatments for ciliopathies or psychiatric disorders.  

To begin we identified patterns of cilia gene dysregulation in psychiatric disorders by 

analyzing differentially expressed genes from publicly available databases. We found that a 

significant portion of brain-expressed cilia genes were differentially expressed in these disorders, 

indicating that cilia signaling pathways may be involved in their pathophysiology. Additionally, we 

revealed that genes encoding proteins of almost all sub-cilia structural and functional 

compartments were dysregulated in these disorders, suggesting that cilia dysfunctions may be 

involved in various aspects of disease pathology. We also found that genes encoding for certain 

cilia proteins were differentially expressed across multiple psychiatric disorders, indicating that 

cilia signaling may be a common pathway in their pathophysiology. Overall, this study represents 

the first step towards understanding the role that cilia components play in the pathophysiological 

processes of major psychiatric disorders. By shedding light on the role of cilia signaling in these 

disorders, this study may lead to the development of novel therapeutic targets for these disorders.  

Disruptions to the cilia-circadian rhythm connection have been linked to various diseases 

and disorders, such as obesity, diabetes, and sleep disorders, highlighting the crucial role of cilia 

in maintaining proper circadian rhythm and overall physiological function. By analyzing the gene 

expression atlas of primates using computational techniques, we found that approximately 73% 

of cilia transcripts showed circadian rhythmicity in at least one of the 22 brain regions studied. 

Furthermore, cilia transcriptomes in 12 brain regions were enriched with circadian oscillating 

transcripts compared to the rest of the transcriptome. Notably, cilia circadian transcripts shared 

between the basal ganglia nuclei and prefrontal cortex peaked in a sequential pattern similar to 

the order of activation of the basal ganglia-cortical circuitry, which is essential for movement
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coordination. These findings suggest that the spatiotemporal orchestration of cilia genes 

expression might play a critical role in the normal physiology of the basal ganglia-cortical circuit 

and motor control.  

It is unknown if MCH system activation in vivo causally regulates cilia length, which is 

highly dynamic in morphology and length. To investigate this, we used different experimental 

models and methodologies, including organotypic brain slice cultures from rat prefrontal cortex 

(PFC) and caudate-putamen (CPu), in vivo pharmacological approaches, germline and 

conditional genetic deletion of MCHR1 and MCH, optogenetic, and chemogenetic methods. Our 

results revealed that activation of the MCH system through MCHR1 agonism or optogenetic and 

chemogenetic excitation of MCH-neurons caused cilia shortening, while MCH signaling 

inactivation via MCHR1 antagonism or genetic manipulation resulted in cilia lengthening. Our 

findings indicate that the MCH system plays a significant role in ciliary signaling and highlight 

MCHR1 located at primary cilia as a potential therapeutic target for pathological conditions 

associated with abnormal primary cilia function and modification of its length.  

  1H[W��ZH�ZDQWHG�WR�XQGHUVWDQG�FLOLD¶V�UROH�LQ�KLJKHU-order brain functions as it remains 

largely unknown. Acting as a hub that senses and transduces environmental stimuli to generate 

appropriate cellular responses, cilia-rich brain structures, such as the striatum, receive and 

integrate various types of information to drive appropriate motor responses. In this study, we 

employed loxP/Cre technology to remove cilia from the dorsal striatum of male mice and observed 

the behavioral outcomes. Our results suggest a critical role for striatal cilia in the acquisition and 

brief storage of information, specifically in learning new motor skills, but not in the consolidation 

of long-term information or the maintenance of learned motor skills. Moreover, the deficits 

observed in the behavior of mice without striatal cilia were clustered around the clinical 

manifestations of neuro-psychiatric disorders that involve striatal functions and timing
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perception. Therefore, striatal cilia may act as regulators of the timing functions of the basal 

ganglia-cortical circuit by maintaining accurate timing perception.  

MCHR1's role in primary cilia is not yet fully understood, but has been implicated in 

regulating a range of physiological processes, such as appetite and energy balance, as well as 

behaviors related to reward, motivation, and mood. To better understand the role of ciliary MCHR1 

in social and cognitive deficits, we utilized an inducible knockout model. Our results revealed that 

late deletion of ciliary MCHR1 does not significantly affect sociability but leads to an increase in 

hyperactivity and deficits in cognition and sensorimotor gating. On the other hand, early deletion 

of ciliary MCHR1 leads to deficits in both social and cognitive function, as well as sensorimotor 

gating deficits. Additionally, we quantified the amount of ciliary and non-ciliary MCHR1 that 

localizes to primary cilia to better understand the role they play in these deficits. Our findings 

suggest that the MCH system's disruption interferes with neurodevelopmental processes, which 

could contribute to the pathogenesis of schizophrenia.  

Lastly, we began to design MCH analogues with improved binding affinity for MCH 

receptors to potentially develop new therapies for these conditions. We used various in vitro 

binding techniques to analyze the affinity of the MCH analogues for MCH receptors. In the in vivo 

experiments, we injected MCH and MCH analogues intracerebroventricularly in mice to study 

their effects on feeding behavior, energy homeostasis, and cilia length. We discovered an MCH 

fragment analogue with a reduced number of amino acids and molecular weight that showed 

potential to bind in vivo. This MCH fragment analogue had a potency comparable to the full MCH 

peptide and caused cilia shortening in the adult mouse brain and was reversed when administered 

with an MCHR1 antagonist. We also found that when administered i.c.v similarly to MCH, the 

mice gained weight. When given simultaneously with an antagonist, it resulted in weight loss. This 

suggests that MCH fragment analogues could potentially be used as potential 
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treatments for conditions associated with abnormal MCH signaling, such as ciliopathies or 

psychiatric disorders. In conclusion, our study provides new insights into the design of MCH 

analogues with improved binding affinity for MCH receptors. We believe that these findings will 

contribute to the development of new therapeutic approaches for conditions associated with MCH 

signaling abnormalities. By providing new insights into the underlying mechanisms of 

schizophrenia and other neurological disorders, the studies in this thesis may pave the way for 

the development of novel therapeutic targets for the treatment of these conditions. 
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1. Primary Cilia: Their Role, Function, and Ciliogenesis 

Primary cilia are microtubule-based organelles that project from the surface of most 

mammalian cells. They are typically composed of a single axoneme, which is surrounded by a 

specialized plasma membrane, called the ciliary membrane. Primary cilia play a crucial role in 

signal transduction pathways, which are critical for cellular communication and homeostasis [1-

4]. They contain a wide range of receptors, ion channels, and signaling proteins, which enable 

them to detect extracellular signals and transduce these signals into intracellular responses [5-

11]. Primary cilia are involved in a wide range of cellular processes, including cell signaling, 

sensory perception, and organelle trafficking [12]. The signaling pathways associated with primary 

cilia play a critical role in various aspects of development and tissue homeostasis, including 

organogenesis, tissue repair, and maintenance of stem cell niches [13]. In the brain, primary cilia 

are found in various cell types, including neurons, astrocytes, and oligodendrocytes, and have 

been implicated in the regulation of neurotransmitter signaling, axon guidance, and synaptic 

plasticity [14-20]. 

Primary cilia contain a wide range of receptors, ion channels, and signaling proteins, which 

enable them to detect extracellular signals and transduce these signals into intracellular 

responses [21, 22]. One of the best-studied signaling pathways associated with primary cilia is 

the Sonic Hedgehog (Shh) pathway, which is critical for embryonic development and tissue 

homeostasis [23-25]. In the Shh pathway, binding of the Shh ligand to its receptor, Patched, on 

the ciliary membrane leads to the activation of Smoothened, a G protein-coupled receptor. This, 

in turn, triggers the activation of downstream transcription factors, which regulate target gene 

expression and cell fate determination [26]. 
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Ciliogenesis is the process by which primary cilia are formed and maintained. It involves 

the assembly of the ciliary axoneme, which is composed of nine microtubule doublets and a pair 

of singlet microtubules [38]. The formation of primary cilia occurs through a highly regulated 

process that involves several steps. The first step in ciliogenesis is the docking of the basal body, 

a centrosome-derived structure, to the plasma membrane. The basal body serves as the 

organizing center for cilia assembly and is composed of a pair of centrioles surrounded by 

pericentriolar material. The basal body docks to the membrane at a specific location, known as 

the ciliary pocket or basal body pocket. Once the basal body has docked to the membrane, it 

begins to extend microtubules, which form the core of the cilia. The microtubules grow from the 

basal body and extend outward, forming the axoneme, the core structure of the cilia. The 

axoneme is composed of nine microtubule doublets, arranged in a circular pattern, and is 

surrounded by the ciliary membrane [39-42]. 

The assembly of primary cilia is a tightly regulated process, and defects in ciliogenesis 

can lead to a range of diseases, known as ciliopathies [43]. These diseases are characterized by 

a range of symptoms, including cognitive deficits, developmental abnormalities, and organ 

dysfunction [44-46]. Ciliopathies can be caused by mutations in genes that are involved in 

ciliogenesis, such as genes encoding centrosomal and basal body proteins. Ciliogenesis is also 

important for the maintenance of primary cilia. Primary cilia are dynamic structures that are 

constantly being assembled and disassembled, and defects in ciliogenesis can lead to cilia loss 

or dysfunction[47]. Maintenance of primary cilia requires the activity of several proteins, including 

intraflagellar transport proteins (IFTs), which transport proteins and other cargo along the 

axoneme, and centrosomal and basal body proteins, which ensure the stability and integrity of 

the ciliary apparatus [48-51]. Ciliogenesis is a highly regulated process that is essential for the 
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formation and maintenance of primary cilia. Defects in ciliogenesis can lead to a range of 

diseases, highlighting the importance of this process for cellular homeostasis and function [52]. 

1.1 Primary cilia in psychiatric disorders 

Primary cilia are particularly abundant in the central nervous system, where they are found 

on neurons, astrocytes, and other types of glial cells [53-56]. The role of primary cilia in neuronal 

function has become an area of intense research interest, with growing evidence suggesting that 

defects in ciliary signaling may contribute to the pathogenesis of several neurological and 

psychiatric disorders, including schizophrenia [57]. 

Primary cilia are increasingly recognized as important regulators of neuronal development 

and function, with mutations in genes encoding ciliary proteins linked to a growing number of 

developmental disorders, including ciliopathies, intellectual disabilities, and neuropsychiatric 

disorders [58]. One of the most intriguing aspects of primary cilia is their association with 

psychiatric disorders, including schizophrenia, bipolar disorder, and autism spectrum disorders 

(ASD) [59]. Primary cilia are critical components of the Hedgehog (Hh) signaling pathway, which 

is involved in the development and function of the central nervous system. The Hh pathway has 

been implicated in the pathogenesis of psychiatric disorders, and ciliary dysfunction has been 

linked to aberrant Hh signaling in these disorders [60]. 

Schizophrenia is a complex psychiatric disorder that affects approximately 1% of the 

general population worldwide. It is characterized by a range of symptoms, including delusions, 

hallucinations, disordered thinking, and social withdrawal. While the precise causes of 

schizophrenia are not fully understood, it is widely believed to result from a combination of genetic 

and environmental factors. Recent studies have shown that primary cilia may play an important 

role in the pathogenesis of schizophrenia. For example, several genetic mutations that affect 

ciliary function have been linked to an increased risk of developing schizophrenia [61, 62]. 
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Furthermore, imaging studies have revealed that patients with schizophrenia have a reduced 

density of primary cilia in certain regions of the brain, particularly in the prefrontal cortex and 

hippocampus, which are regions involved in cognitive and emotional processing [63]. 

Several lines of evidence suggest that primary cilia dysfunction may contribute to the 

pathogenesis of schizophrenia. For example, a study demonstrated that mutations in a gene 

encoding a ciliary protein, Tctex-1, were associated with an increased risk of schizophrenia. 

Tctex-1 is a component of the dynein motor complex, which is required for ciliary function, and 

mutations in Tctex-1 have been linked to ciliopathies and developmental disorders [64, 65]. 

Another found that genetic variants in genes encoding ciliary proteins were associated with an 

increased risk of schizophrenia in a large-scale genome-wide association study [66]. The authors 

identified several genes involved in ciliary structure and function that were significantly associated 

with schizophrenia, including genes encoding intraflagellar transport proteins and the basal body 

protein, CEP290 [67]. Overall, these studies suggest that primary cilia dysfunction may contribute 

to the pathogenesis of several psychiatric disorders, including schizophrenia, bipolar disorder, 

and ASD. Further research is needed to fully understand the role of primary cilia in these disorders 

and to identify potential therapeutic targets for their treatment.  

1.2 Primary cilia and age and development 

Primary cilia are increasingly recognized as important regulators of cellular signaling 

pathways critical for development and homeostasis in various organs and tissues, including the 

brain. Primary cilia are present on many cells, including neurons, and are involved in signal 

transduction pathways critical for proper neuronal function [69]. Aging has been shown to affect 

the structure and function of primary cilia in several organs and tissues. In the brain, primary cilia 

play important roles in neuronal development, synaptic plasticity, and sensory perception. Age-

related changes in primary cilia have been observed in the brain and have been linked to cognitive 
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decline and neurodegenerative diseases such as Alzheimer's and Parkinson's disease [55, 70-

75]. Age-related changes in primary cilia have also been implicated in the development of 

neurodegenerative diseases. For example, primary cilia dysfunction has been observed in animal 

models of Alzheimer's disease and Parkinson's disease [55, 70-75]. In Alzheimer's disease, 

primary cilia become shorter and less abundant in the hippocampus and cortex, which are brain 

regions important for memory and cognition. In Parkinson's disease, primary cilia on dopaminergic 

neurons in the substantia nigra become shorter and less abundant, which may contribute to the 

loss of dopaminergic neurons in this region [79]. The relationship between primary cilia and age 

is complex and multifaceted. Age-related changes in primary cilia have been observed in multiple 

tissues and have been implicated in age-related diseases and functional decline thus further 

research is needed to fully understand the mechanisms underlying these changes and to identify 

potential therapeutic targets for age-related diseases. 

1.3 Primary cilia and circadian rhythm  

Primary cilia have been implicated in the regulation of circadian rhythms, which are 

essential for the maintenance of the normal sleep-wake cycle and other physiological processes 

that follow a daily rhythm[80]. The circadian system is governed by a master clock located in the 

suprachiasmatic nucleus (SCN) of the hypothalamus, which receives light signals from the retina 

and synchronizes peripheral clocks throughout the body via various signaling pathways [81-84]. 

Primary cilia are present in many cells of the body, including the SCN neurons, and have been 

shown to play a role in the regulation of circadian rhythms. 

Studies have suggested that primary cilia play a role in regulating the timing of the 

circadian clock by modulating the activity of clock genes and proteins. One study found that the 

primary cilium in SCN neurons modulates the expression of the circadian clock gene Period 2 

(Per2) by regulating the activity of the transcription factor CREB (cAMP response element-binding 
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protein [85]. Another study found that primary cilia in fibroblasts regulate the activity of the 

circadian clock protein BMAL1 (brain and muscle ARNT-like protein 1) by modulating the activity 

of the protein kinase A (PKA) signaling pathway [86]. These studies suggest that primary cilia 

play a crucial role in the regulation of circadian rhythms by modulating the activity of clock genes 

and proteins. Primary cilia have also been shown to play a role in the synchronization of peripheral 

clocks with the master clock in the SCN. One study found that primary cilia in fibroblasts play a 

crucial role in the synchronization of peripheral clocks with the SCN clock by regulating the 

expression of clock genes and proteins [87, 88]. These studies suggest that primary cilia are 

involved in the synchronization of peripheral clocks with the master clock in the SCN by regulating 

the expression of clock genes and proteins. These studies suggest that dysfunction of primary 

cilia can disrupt the circadian clock and contribute to the development of circadian rhythm 

disorders. 

2. Melanin concentrating hormone: Structure, Function, and implications 

Melanin-concentrating hormone (MCH) is a neuropeptide that is widely distributed 

throughout the central nervous system of vertebrates, including mammals, birds, fish, and 

amphibians [89]. It was first discovered in 1983 in the pituitary gland of teleost fish, where it was 

shown to have a role in the regulation of skin coloration by stimulating the dispersion of melanin-

containing pigment granules in skin cells [90]. 

2.1 Structure of MCH 

The structure of MCH is highly conserved across species, with a 19-amino acid sequence 

that is identical in humans, rats, mice, and chickens [91]. MCH is synthesized as a larger precursor 

protein called prepro-MCH, which is then cleaved into a mature 19-amino acid peptide [92]. The 

crystal structure of MCH has been determined using X-ray crystallography, revealing a compact 

IROG�ZLWK�DQ�Į-helical region and a loop structure that is stabilized by a disulfide bond [93, 94]. The 
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receptor for MCH is a G protein-coupled receptor called MCHR1. In the brain, MCH is primarily 

expressed in the lateral hypothalamus, the zona incerta, and the dorsal raphe nucleus [92, 95]. 

MCH-expressing neurons in the lateral hypothalamus project to a number of brain regions 

involved in the regulation of feeding behavior and energy metabolism, including the 

paraventricular nucleus, the arcuate nucleus, and the ventromedial hypothalamus [95, 96].  

2.2 Functions of MCH 

Feeding behavior: MCH has been shown to have a potent orexigenic (appetite-stimulating) 

effect in rodents and humans [97], and it is thought to play a key role in the regulation of feeding 

behavior and energy balance. MCH is produced by neurons in the lateral hypothalamus, an area 

of the brain that is known to be involved in the control of feeding and energy metabolism [98]. 

When MCH is injected into the brain of rodents, it stimulates feeding behavior and increases body 

weight, whereas blocking the activity of MCH or its receptor has been shown to reduce food intake 

and body weight [99] 

Energy metabolism: In addition to its role in regulating feeding behavior, MCH has also 

been shown to have a direct effect on energy metabolism. MCH has been shown to increase 

glucose uptake and stimulate lipogenesis (the synthesis of fatty acids) in adipose tissue, 

suggesting that it may play a role in the regulation of energy storage and utilization [100]. 

Sleep-wake cycles: MCH has been implicated in the regulation of sleep-wake cycles, with 

evidence suggesting that it promotes the transition from wakefulness to non-REM sleep. MCH 

neurons in the lateral hypothalamus show increased activity during non-REM sleep, and injection 

of MCH into the brain of rats has been shown to increase non-REM sleep and decrease 

wakefulness [101]. MCH has also been shown to be involved in the regulation of REM sleep, with 

some evidence suggesting that it may promote REM sleep in certain conditions [102]. 
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Anxiety and mood: MCH has been shown to have a modulatory effect on anxiety and 

mood, with evidence suggesting that it may have anxiolytic and antidepressant effects. MCH 

neurons in the lateral hypothalamus have been shown to project to brain regions that are involved 

in the regulation of anxiety and mood, such as the amygdala and prefrontal cortex [95]. MCH has 

also been shown to modulate the activity of the hypothalamic-pituitary-adrenal (HPA) axis, which 

is involved in the response to stress [103]. 

2.3 The role of MCH in cognitive function and psychiatric disorders 

MCH is predominantly expressed in high concentration in the brain thus it suggests that 

MCH is a vital neurotransmitter with a broad range of functions which has been shown in 

mediating behaviors involved in arousal, food intake, metabolism, sleep, mood disorders such as 

depression and anxiety, and most recently learning and memory, cognition, and psychiatric 

GLVRUGHUV�OLNH�$O]KHLPHU¶V�DQG�VFKL]RSKUHQLD�>���-113].  

MCH interacts with the GPCR MCHR1 which is highly expressed in several regions of the 

brain including the hippocampus, nucleus accumbens, basolateral amygdala, hypothalamus, 

locus coeruleus, which suggests it plays a major role in other functions [114].The MCH system is 

involved in impairments of glutamatergic transmission as well as long-term plasticity in the CA1 

of the hippocampus via MCHR1 KO mice [33]. It has also been shown that disruptions in MCHR1 

leads to cognitive deficits and alters the NMDA and AMPA receptors which are major players in 

both LTP and LDP [5, 33]. There have been many studies that have reported that MCH improves 

memory by promoting memory retention, however the mechanism as to how has yet to be fully 

conclusive [1]. Many studies have shown that the activation of MCH producing neurons enhances 

learning and memory [4]. To evaluate both short term and long term memory, studies give 

administration of MCH directly into the CA1 of the hippocampus, amygdala and cortex, and 

followed with a step-down inhibitory avoidance test which showed an increase in the response 

latency thus inducing an increase in memory retention [32]. The MCH system is involved with 
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modulating sleep, emotional behaviors, learning and memory, which are prominent deficits seen 

LQ� SV\FKLDWULF� GLVRUGHUV� VXFK� DV� $O]KHLPHU¶V�� VFKL]RSKUHQLD�� DQG� GHSUHVVLRQ�� 7KXV� RQH�Pay 

postulate the correlation with the dysfunction in the MCH system with the pathophysiology of 

many psychiatric disorders [13]. A genome-wide association study showed MCHR1 is located on 

chr:22q13.2, which has been associated with schizophrenia [7, 9]. There have also been human 

gene studies that showed 5 SNP in the MCHR1 region were significantly associated with 

schizophrenia suggesting that MCHR1 may influence susceptibility to schizophrenia [9, 8]. These 

findings suggest that MCHR1 could be an important candidate for drug targets involved in 

psychiatric disorders.  

MCH has also been investigated as a potential target for the treatment of psychiatric 

disorders, such as anxiety and depression. Several studies have shown that MCH is involved in 

the regulation of anxiety-like behavior in rodents. For example, MCH knockout mice display 

reduced anxiety-like behavior in several behavioral tests, including the elevated plus maze and 

the light/dark box test [115]. In addition to its role in anxiety, MCH has also been implicated in the 

pathogenesis of depression. Studies in rodents have shown that chronic stress can increase MCH 

expression in the lateral hypothalamus and that MCH levels are elevated in the cerebrospinal fluid 

of depressed patients [115]. Moreover, MCH antagonists have been shown to have 

antidepressant-like effects in several preclinical models of depression [116]. 

The potential of MCH as a therapeutic target for psychiatric disorders has led to the 

development of several MCH receptor antagonists. These compounds have shown promising 

results in preclinical studies and are currently being investigated in clinical trials for the treatment 

of depression and anxiety. For example, ATC-1906, an MCH receptor antagonist, has been 

shown to reduce anxiety-like behavior in rodents and is currently in Phase II clinical trials for the 

treatment of generalized anxiety disorder [117]. Recent evidence suggests that MCH may also 
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be involved in the pathophysiology of schizophrenia. Melanin-concentrating hormone (MCH) has 

also been implicated in the pathogenesis of schizophrenia, a severe and chronic mental disorder 

characterized by a range of cognitive, behavioral, and emotional symptoms.  

Several lines of evidence suggest that MCH may play a role in the pathophysiology of 

schizophrenia. For example, postmortem studies have shown that MCH levels are significantly 

elevated in the brains of schizophrenia patients, particularly in the dorsolateral prefrontal cortex 

and the amygdala [118]. These brain regions are known to be involved in cognitive and emotional 

processing and are implicated in the pathophysiology of schizophrenia. In addition to these 

findings, studies in rodents have shown that MCH can modulate the activity of dopamine neurons, 

a key neurotransmitter system implicated in the pathogenesis of schizophrenia [119]. Dopamine 

dysregulation is thought to be a key feature of schizophrenia, and several antipsychotic 

medications target dopamine receptors to alleviate symptoms. 

Furthermore, several studies have shown that MCH can affect the activity of gamma-

aminobutyric acid (GABA) neurons, another key neurotransmitter system implicated in the 

pathogenesis of schizophrenia. For example, MCH has been shown to enhance the activity of 

GABA neurons in the nucleus accumbens, a brain region involved in reward processing and 

motivation [105]. GABA dysregulation has been implicated in the cognitive and emotional 

symptoms of schizophrenia.The potential role of MCH in the pathophysiology of schizophrenia 

has led to the development of MCH receptor antagonists as potential therapeutic agents for the 

disorder. For example, the MCH receptor antagonist SNAP-7941 has been shown to reduce 

MCH-induced hyperactivity in rodents and has been proposed as a potential treatment for 

schizophrenia [115]. 

Despite these findings, the exact role of MCH in the pathophysiology of schizophrenia is 

still not fully understood. The development of MCH-based therapies for psychiatric disorders is 
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still in its early stages, and further research is needed to fully understand the role of MCH in these 

conditions. The potential side effects of MCH antagonists, such as alterations in feeding behavior 

and energy metabolism, also need to be carefully evaluated. Nonetheless, the identification of 

MCH as a potential target for the treatment of psychiatric disorders represents a significant 

advance in our understanding of the neurobiological mechanisms underlying these conditions and 

may lead to the development of new and more effective therapies in the future.  

3. MCH and Primary Cilia 

3.1 MCH-mediated regulation of primary cilia 

MCHR1 is selectively expressed on neuronal primary cilia [49]. We know that only a few 

GPCRS localize to neuronal primary cilium thus may play an important role in regulation of the 

cilium. Studies have shown that there is a link between cilia length and MCH. In vitro, studies 

show when hRPE1 cells are transfected with MCHR1 and treated with MCH there is a reduction 

in cilia length via Gi/o-Akt pathway suggesting that MCH plays a sensory role [37]. Additionally, 

recent studies show that lack of dopaminergic inputs elongates primary cilia of striatal neurons 

[79]. Although little is known about the MCH system and cilia, there is potential in this field of 

research that may reveal important findings that could link ciliary MCHR1 to psychiatric disorders.  

MCHR1 is a G-protein coupled receptor that is primarily localized on the cilia membrane 

[120, 121]. Previously MCH has been shown to shorten the length of cilia [122, 123]. Our 

preliminary immunohistochemistry data demonstrates that via the antibody staining against the 

cilia marker ADCY3 in ex vivo culture of mouse striatal neurons with MCH (30nM) caused a 

decrease in cilia length. We also demonstrated the effects of the activation and inactivation of 

MCH system on cilia lengths by using different methodologies, including pharmacological 

(MCHR1 agonist and antagonist GW803430), germline and conditional genetic deletion of 

MCHR1 and MCH, optogenetic (Channelrhodopsin-2(Ch2R)), and chemogenetic (Designer 

Receptors Exclusively Activated by Designer Drugs (DREADD)) approaches. We found that 
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stimulation of the MCH system either directly through MCHR1 activation, or indirectly through 

optogenetic and chemogenetic-mediated excitation of MCH neurons, causes cilia shortening. 

Multiple regions of the brain were analyzed including hippocampus, striatum, frontal cortex, and 

nucleus accumbens. 

3.2 Associations between cilia genes and GPCRS 

There is increasing evidence for associations between cilia genes and G protein-coupled 

receptors (GPCRs), which are important targets for drug development in various diseases, 

including psychiatric disorders. GPCRs are a large family of membrane receptors that play 

important roles in signal transduction and are involved in various physiological processes, 

including neurotransmission. Several GPCRs have been shown to localize to primary cilia, and 

ciliary dysfunction has been implicated in the pathogenesis of GPCR-related disorders, including 

schizophrenia and bipolar disorder. 

For example, the dopamine receptor D2 (DRD2) is a GPCR that is critical for dopamine 

neurotransmission, and its dysfunction has been implicated in the pathogenesis of schizophrenia. 

DRD2 has been shown to localize to primary cilia, and mutations in genes involved in ciliary 

function have been associated with altered DRD2 signaling and an increased risk for 

schizophrenia [124]. Similarly, the serotonin receptor 5-HT6 (HTR6) is a GPCR that has been 

implicated in the regulation of mood and cognition and has been shown to localize to primary cilia. 

Mutations in genes involved in ciliary function have been associated with altered 5-HT6 signaling 

and an increased risk for bipolar disorder [125]. 

Taken together, these findings suggest that ciliary dysfunction may play a critical role in 

the pathogenesis of psychiatric disorders through the regulation of GPCRs and other signaling 

pathways. Further research is needed to elucidate the precise mechanisms underlying these 

associations and to identify potential targets for the development of novel therapeutics. Recent 
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studies have shown that cilia genes and GPCRs are functionally and genetically linked, with ciliary 

dysfunction implicated in the pathogenesis of GPCR-related disorders such as schizophrenia and 

bipolar disorder. 
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Chapter 2: Patterns of cilia gene dysregulations in major psychiatric disorders 
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Abstract 
 

Primary cilia function as cells' antennas to detect and transduce external stimuli and play 

crucial roles in cell signaling and communication. The vast majority of cilia genes that are causally 

linked with ciliopathies are also associated with neurological deficits, such as cognitive 

impairments. Yet, the roles of cilia dysfunctions in the pathogenesis of psychiatric disorders have 

not been studied. Our aim is to identify patterns of cilia gene dysregulation in the four major 

psychiatric disorders: schizophrenia (SCZ), autism spectrum disorder (ASD), bipolar disorder 

(BP), and major depressive disorder (MDD). For this purpose, we acquired differentially 

expressed genes (DEGs) from the largest and most recent publicly available databases. We 

found that 42%, 24%, 17%, and 15% of brain-expressed cilia genes were significantly differentially 

expressed in SCZ, ASD, BP, and MDD, respectively. Several genes exhibited cross-disorder 

overlap, suggesting that typical cilia signaling pathways' dysfunctions determine susceptibility to 

more than one psychiatric disorder or may partially underlie their pathophysiology. Our study 

revealed that genes encoding proteins of almost all sub-cilia structural and functional 

compartments were dysregulated in the four psychiatric disorders. Strikingly, the genes of 75% 

of cilia GPCRs and 50% of the transition zone proteins were differentially expressed in SCZ. 

The present study is the first to draw associations between cilia and major psychiatric 

disorders, and is the first step toward understanding the role that cilia components play in their 

pathophysiological processes, which may lead to novel therapeutic targets for these disorders. 
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Introduction 

Primary cilia are microtubule-based organelles that protrude from the surface of almost all 

cell types including neurons [1-3]. Cilia, functioning as cells' antennas, detect and transduce 

external stimuli, thus playing crucial roles in cell communication and signaling. Cilia are essential 

sites for the sonic hedgehog (Shh) signaling pathway, and therefore, play a vital role in 

neurogenesis, cell differentiation, and migration [4, 5]. 

The sensory functions and signal transduction of primary cilia are achieved through 

specific receptors and downstream signaling components including receptor tyrosine kinases 

(RTK), hedgehog, WNT, ion channels, and G-protein-coupled receptors (GPCRs) [6-15]. 

Examples of neuronal cilia GPCRs are somatostatin receptor 3 (SSTR3), serotonin receptor 6 

(5HTR6), melanin-concentrating hormone receptor 1 (MCHR1), melanocortin receptors (MC4R), 

and dopamine receptors (DRD1, DRD2 and DRD5), GPR88, prolactin-releasing hormone 

receptor (PRLHR), and neuropeptide FF receptor 1 (NPFFR1) [6][16-20]. 

Mutations or deletions of primary cilia genes cause disruptions in ciliary structure and 

functions and result in neurodevelopment defects. Of the 187 cilia genes that were causally 

associated with ciliopathies, several genes have been associated with neurological deficits such 

as cognitive deficits [21-23]. 

Since primary cilia's main function is to receive extracellular signals, cilia dysfunctions can 

cause defects in cellular response to extracellular cues. On the other hand, neuronal GPCRs play 

essential roles in regulating emotions, memory, and cognition (see [24-29] for reviews). Therefore, 

defects in the cilia GPCRs are expected to correlate with psychiatric disorders. 

Given the background information, our premises indicate that cilia structure/function has 

critical roles in brain cognitive functions. Thus, we hypothesize that the dysfunctions of cilia 

components are associated with psychiatric disorders. 

In support of this hypothesis, the causative gene for the ciliopathy Joubert Syndrome 

AHI1, which is involved in the ciliogenesis [30], and PCM1 and TSGA14, which are necessary for 
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cilia assembly, have been linked with schizophrenia (SCZ) and autism spectrum disorder (ASD) 

[31-38]. Olfactory neural progenitor (ONP) cells derived from paranoid SCZ and bipolar disorder 

(BD) patients display a deficit in cilia assembly and maintenance [39]. 

However, a comprehensive study on the conclusive role of cilia in psychiatric disorders 

has never been conducted yet. Therefore, we examined here the changes in gene expression of 

cilia associated proteins in four psychiatric disorders including SCZ, ASD, BP, and major 

depressive disorder (MDD). We used publicly available databases of RNA sequencing (RNA-seq) 

and RNA-microarray in the largest cohorts of cases and controls to acquire differentially 

expressed genes (DEGs) in the four psychiatric disorders. 
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Materials and Methods 

Compilation of brain cilia genes list 

Genes experimentally probed and identified to be involved in cilia structure, ciliogenesis 

or ciliary function were collected from different studies and databases including Nauli et al.  

SysCilia Gold Standard (SCGS) version 1 database [40], CilDB database [41-42] and 

CiliaCarta [40]. Search criteria included Homo sapiens species cilia genes. CiliaCarta database 

contains about 1000 putative cilia genes, including genes from Syscilia (302 genes) and Gene 

Ontology (GO) annotated genes (677), with 232 genes overlapped, as well as bayesian 

predictions (285 genes). Our initial list included the Sycilia and GO genes but not bayesian 

predictions. GPCRs (G-protein coupled receptor) localized on cilia were acquired from Schou et 

al. [43]. Ciliary evidence was then verified using CilDB. It is important to disclose that lists of cilia 

JHQHV�DUH�FRQWLQXRXVO\�EHLQJ�XSGDWHG��DQG�RQH�ZLOO�QHYHU�EH�µFRPSOHWH¶�DV�QRYHO�FLOLD�JHQHV�PLJKW�

always be identified. Thus, our list is a working list of cilia genes that will be updated as needed. 

The 455 candidate ciliary genes in the list were then compiled and further analyzed using 

Genotype-Tissue Expression (GTEx) https://gtexportal.org/home/. GTEx database was queried 

for cross tissue comparisons to determine each of the cilia genes' brain location. Cilia genes were 

located in the following brain regions: amygdala, caudate, cerebral hemisphere, cortex, frontal 

cortex, hippocampus, hypothalamus, nucleus accumbens, putamen, and substantia nigra and 

expressed as the median transcripts per million (TPM). Cilia genes not located in the brain were 

removed from the list. Therefore, the final list of cilia genes totaled 281. 

Transcriptomic analysis of cilia genes in SCZ, ASD, BP, and MDD 

We screened publically available datasets for gene expression of genes encoding cilia 

associated proteins. We obtained the gene expression data of prefrontal cortex tissue samples 

(559 SCZ, 51 ASD, 222 BP, and 936 controls) from the study of Gandal et al. [44], which retrieved 

RNA-seq data from PsychEncode (PEC, Brain-GVEX study) and CommonMind (CMC) datasets 

[44-47] The DEGs data of cortical brain tissue samples (87 MDD, and 293 controls) were obtained 
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from the study of Gandal et al. [48], which performed meta-analyses of microarray data that were 

obtained from the Gene Expression Omnibus (GEO), ArrayExpress, or from the study authors 

directly conducted [48-49]. Cilia differentially expressed genes (DEGs) in SCZ, ASD, BP, and 

MDD (P < 0.05) were identified from the transcriptomic data and underwent Fisher exact test to 

examine the enrichment of differentially expressed cilia genes in SCZ, ASD, BP, and MDD. The 

overlap of DEGs across the psychiatric disorders was computed using Fisher's exact test. Cilia 

genes were then categorized based on their localization to the cilium, including basal body, 

axoneme, intraflagellar transport cargo (IFTA and IFTB), kinesin, dynein, transition zone, bbsome, 

golgi, nucleus, cytosol and the ciliary membrane. If unknown, the genes were placed in one group 

designated as other. 
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Results 

Brain cilia list 

Using SysCilia, CilDB, and CiliaCarta databases, we identified and verified 455 candidate ciliary 

genes. Using GTEX, 281 genes out of these cilia genes were confirmed to be expressed in the 

brain's following regions: amygdala, caudate, cerebral hemisphere, cortex, frontal cortex, 

hippocampus, hypothalamus, nucleus accumbens, putamen, and substantia nigra. The heatmap 

shows GTEx expression profiles in median TPMs of the cilia genes (Fig. 2.1). Genes were 

considered if the median TPM was greater than zero. Although few genes had considerably low 

median TPMs, they were included in the list, as they are not vastly localized in other non-brain 

tissues in the body. 
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Figure 2.1. Identification of cilia gene expression across specific brain tissues in GTEx. 

Heatmap of gene expressions of cilia genes in the GTEx brain tissues from the GTEx dataset. 

Columns denote brain regions and rows represent cilia genes. Genes are shown and categorized 

in median Transcripts Per Million (TPM). 

 

The expressions of cilia genes are altered in psychiatric disorders 

The RNA-Seq data for 268 genes of the 281 cilia genes in our compiled list were extracted 

from the largest TWAS study of psychiatric disorders [44][48]. Out of the 268 cilia genes, 113 

were differentially expressed in SCZ, (48 downregulated and 65 upregulated) compared to 7726 
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out of 25,502 for non-cilia genes (Fig. 2.2a). Of these genes, 97 genes passed false discovery 

rate (FDR) < 0.1, and 74 genes passed FDR < 0.05. Exact fisher analysis revealed significant 

enrichment of differentially expressed cilia genes in SCZ (Odd ratio OR = 1.67, P < 0.0001, Fig. 

2.2b). Strikingly, out of the 20 known cilia-associated GPCRs, 15 were differentially expressed in 

SCZ. Fisher analysis of cilia GPCRs revealed significant enrichment of cilia GPCRs in SCZ (OR: 

5.35, P = 0.0003, Fig. 2.2c). 

Out of the 268 cilia genes, 63 genes including 3 GPCRs (39 genes downregulated and 24 

upregulated), and 46 cilia genes including 7 GPCRs (13 genes downregulated and 33 genes 

upregulated) were differentially expressed in ASD and BP respectively (Fig. 2.2d,e). Exact fisher 

test revealed no significant enrichment of the cilia genes as a cluster in ASD (OR = 1.20, P = 0.2) 

or BP (OR = 0.91, P = 0.6). In MDD, 41 cilia genes including 3 GPCRs were differentially 

expressed, of which 31 genes were downregulated and only 10 were upregulated (Fig. 2.2f). 

Exact fisher test revealed no significant enrichment of the cilia genes in MDD (OR = 0.81, P = 

0.23). 
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Figure 2.2. Cilia differentially expressed genes in SCZ, ASD, BP, and MDD. 

a. Volcano plot showing DEGs (P < 0.05) in SCZ. Scattered points represent cilia genes: the x 

axis is the fold change while the y axis is the -log p value. Green and red dots refer to upregulated 

and downregulated genes respectively. Genes circled in blue represent GPCRs that localize to 

the cilium. b. Histogram showing the cilia genes and non-cilia genes that are differentially 

expressed in SCZ; Exact Fisher test OR = 1.681, P < 0.0001. c. Histogram showing cilia GPCR 

genes and non-cilia GPCR genes that are differentially expressed in SCZ; Exact Fisher test: OR: 

6.873, P = 0.0001. d-f. Volcano plots of cilia DEGs in (d) ASD, (e) BP, and (f) MDD. Scattered 

points represent cilia genes: the x axis is the fold change while the y axis is the -log p value. Green 

and red dots refer to upregulated and downregulated genes respectively. 

Several cilia DEGs overlapped across the four disorders, particularly between SCZ and 

each of the three other disorders (Fig. 2.3a-j). Fisher exact test revealed significant DEGs overlap 
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between SCZ and BP (P = 0.0009), and a trend in overlap between SCZ and ASD (P = 0.0795), 

and between the down regulated genes in SCZ and MDD (P = 0.07, Fig. 2.3a). 
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Figure 2.3. Cilia DEGs overlap across the four psychiatric disorders. 

(a)Venn diagram conveying overlap between significant DEGs (P < 0.05) within the four 

psychiatric disorders SCZ, ASD, BP, and MDD. b-d. Cilia DEGs overlapping between SCZ with 

(b) ASD, (c) BP, (d) and MDD. Genes that are differentially expressed in opposing directions are 

denoted with a box. GPCRs are identified by arrows. e-g. Overlap of DEGs between two 

disorders: (e) ASD and BP, (f) ASD and MDD, (g) BP and MDD. h-j. Overlap of DEGs among 

three disorders: (h) SCZ, ASD, and BP, (i) SCZ, ASD, and MDD, (j) SCZ, BP, MDD. The x axis 

shows Log2(FC) and along the y axis are the cilia genes. Genes that are differentially expressed 

in opposing directions are denoted with a box. GPCRs are identified by arrows. 

 
Approximately 50% of ASD cilia DEGs (33 genes) including all the three differential 

GPCRs in ASD (MC4R, SMO, and GPR98) were also differentially expressed in SCZ (Fig. 2.3b). 

Around two-third of BP cilia DEGs (30 genes) including 6 GPCRs: MC4R, GPR83, GPR88, 

NPFFR1, P2RY12, and LPAR6 were differentially expressed in SCZ (Fig. 2.3c), and 20 MDD cilia 

DEGs overlapped with SCZ (Fig. 2.3d). 

 

All cilia structural and functional compartments are associated with the four psychiatric 

disorders 

We next identified the sub-cilia localization of cilia DEGs in the four disorders. We found 

that proteins encoded by the SCZ cilia DEGs were localized in almost all cilia compartments, 

including the axoneme (core of the cilium), basal body, ciliary membrane proteins, intraflagellar 

transport cargo (IFTA and IFTB), cytoskeletal motor proteins (dynein and kinesin family), BBSome 

(Bardet±Biedl syndrome (BBS) protein trafficking complex), and the transition zone (Fig. 2.4a). 

We found that 50% of the transition zone genes (33% upregulated and 16% downregulated), 40% 

of the axoneme genes, 38% of the BBSome complex genes, and 30% of the basal body genes 

were DEGs in SCZ. While 40% of IFT-A genes were DEGs in SCZ, only 6% of IFT-B genes 

https://www.sciencedirect.com/topics/neuroscience/psychopathology
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displayed expression changes (mainly upregulation) in this disorder. Along with the IFT-A and 

IFT-B gene changes, 100% of kinesin DEGs compared with 33% of dynein DEGs exhibited 

upregulation. Strikingly, 75% of cilia GPCRs exhibited altered expression in SCZ. 
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Figure 2.4. Sub-cilia localization of the genes that exhibited differential gene expression in 

the four disorders. 

a-d. Sub-cilia localization of genes that exhibited differential gene expression in (a) SCZ, (b) ASD, 

(c) BP, (d) MDD. Upregulated and downregulated DEGs are in green and red respectively. 

We found that 33% of IFT-A and 19% of IFT-B were DEGs in ASD, and that all IFT-B 

DEGs exhibited downregulation (Fig. 2.4b). Around 20% of genes localized to the cilia axoneme 

were DEGs in ASD, of which the vast majority exhibited downregulation. 29% of basal body genes 

were DEGs, and 15% of GPCRs were upregulated in ASD. 
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In BP, 50% of IFT-A were DEGs (two-fold more upregulated genes than downregulated), 

and 6% of IFT-B were downregulated (Fig. 2.4c). Aligned with these, none of the kinesin genes 

and 19% dynein genes were DEGs. 

In MDD, 25% of IFT-B genes, 13% of kinesin genes, 14% of dynein genes, 20% of 

axoneme genes, 11% of transition zone genes, and 15% of GPCRs were dysregulated (Fig. 2.4d). 

Interestingly, 75% of genes involved in the Golgi network were downregulated in MDD. 

Across the disorders, several cilia DEGs overlapped within most of the cilia structure sub-

compartments. 
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Discussion 

This is the first study that describes the association between the brain cilia' structural and 

functional components at the transcriptomic level and the major psychiatric disorders. 

Despite the growing interest in cilia functions, very little is known about their potential 

involvement in psychiatric disorders. Remarkably, many of the cilia genes that have been causally 

associated with ciliopathies are also associated with neurological defects such as cognitive 

deficits [21-23]. Yet, the roles of cilia dysfunctions in the pathogenesis of psychiatric disorders 

have been largely overlooked. 

Therefore, this study is the first step toward understanding the link between the 

dysregulation of the components of primary cilia and four major psychiatric disorders, namely 

schizophrenia, autism spectrum disorder, bipolar disorder, and major depressive disorder. 

To examine whether the cilia genes are differentially expressed and identify the patterns 

of gene expression dysregulations in the four psychiatric disorders, we acquired transcriptomic 

data from the largest cohorts of cases and controls [44, 48]. We show that over 40% of the brain 

cilia genes are differentially expressed in SCZ, with significant enrichment of differentially 

expressed cilia genes in this disorder. The dysregulated cilia genes in SCZ encode proteins that 

are located in almost all cilia structural compartments including basal body, axoneme, cytoskeletal 

motor proteins (dynein and kinesin family), intraflagellar transport cargo (IFT-A and IFT-B), 

BBSome, and the transition zone. 

Interestingly, all kinesin and kinesin-associated DEGs in SCZ were upregulated, yet most 

IFT-B DEGs were downregulated. Given the crucial role of the kinesin/IFT-B system in cilia 

anterograde transport, the dysregulation of this system may negatively affect base-to-tip transport 

of cilia proteins particularly cilia-associated GPCRs ([50]). Studies have shown that a complete 

loss of genes involved with the IFT-B complex or kinesin leads to shortening or cilia loss [51-59]. 

Interestingly, the retrograde system consisting of dynein and IFT-A was also dysregulated, and 

more than 40% of dynein and IFT-A genes, including IFT144 and IFT140, were dysregulated. 
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IFT-A complex is associated with dynein motor proteins, and is required for cilia function, 

assembly, and trafficking within cilia [60]. Mutations in the IFT-A complex subunits and the dynein 

retrograde motor result in shortened or swollen cilia with an accumulation of particles, including 

IFT-B proteins, and cause decreased retrograde transport velocities, increased ratio of 

anterograde to retrograde particles, and an accumulation of complex B proteins in the flagella 

[61-63]. This complex is particularly associated with ciliary retrograde transport, and it particularly 

promotes the trafficking of GPCRs [50], which were strikingly dysregulated SCZ (75% of cilia 

GPCRs were DEGs in SCZ). 

TULP3, which encodes the axoneme protein TUB Like Protein 3 that interacts with IFT-A 

proteins (particularly IFT144) [24], is also upregulated along with IFT144 in SCZ. TULP3 and IFT-

A proteins negatively regulate hedgehog signaling in embryonic development and brain formation 

[28, 50][64-65]. Therefore, TULP3/IFT-A upregulation in SCZ suggests a role for cilia components 

in the abnormal neurodevelopment in this disorder [50]. 

The transcriptomic signature of the three other psychiatric disorders ASD, BP, and MDD 

included many cilia genes. Remarkably, 60% of cilia DEGs were downregulated in ASD, 

compared to only 30% in BP and 76% in MDD. The high rates of upregulated genes and 

downregulated genes in bipolar mood disorders and MDD (unipolar mood disorder) respectively 

are very interesting, given the similarities in the clinical presentations between MDD and the 

depressive episodes in BP. The differences observed in the trends and directions of cilia genes' 

alterations in MDD and BP indicate that these two mood disorders, albeit their similar depressive 

symptoms, display distinct cilia transcriptomic signatures. These differences suggest discrete 

neuropathological mechanisms underlying these two disorders, and help develop potential 

classification tools, which might improve diagnostic accuracy and therapeutic precision. 

Strikingly, over 50% of cilia DEGs overlap between ASD, BP, or MDD on one side with 

SCZ on the other side. Such large transcriptomic cross-disorder overlap suggests that 

dysfunctions of common cilia signaling pathways may partially underlie the pathophysiology of, 
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or determine susceptibility to more than one psychiatric disorder. For example, ADCY3, which 

was largely upregulated in SCZ and BP, exhibited downregulation in MDD. ADCY3 encodes the 

enzyme adenylate cyclase-3 that catalyzes the synthesis of cyclic adenosine monophosphate. 

ADCY3, known to be associated with ASD [66], was identified by the genome wide study (GWAS) 

of MDD as one of the three top associated genes [67, 68], and depressed patients display a 

reduction in platelet ADCY3 activity [69]. Interestingly, ADCY3 knockout mice exhibit depression-

like symptoms, more REM sleep, smaller hippocampus, less synaptic activity in the hippocampus 

and impaired sociability [70]. Another interesting cilia gene is TUBB2B, which is upregulated in 

SCZ, ASD, and BP. TUBB2B encodes tubulin beta-2B chain, and the dysregulation of this gene 

results in malformations of development of the cortex and basal ganglia [71-75]. These effects 

are thought to be caused by altering tubulin heterodimer or GTP binding, and disrupting the 

interaction between microtubule polymers with associated proteins (e.g. kinesin), ultimately 

leading to changes in the dynamic properties of microtubule polymers [76, 77]. 

The overlap observed in cilia DEGs between the four major psychiatric disorders is aligned 

with the consistent GWAS data on the shared genetic susceptibility across psychiatric disorders 

[44][78-79]. Thus, our results suggest that shared cilia-related molecular and cellular mechanisms 

may partially underlie these disorders' clinical phenotypes, particularly since most shared cilia 

DEGs encode products known to interact or function in common biochemical pathways. Our 

findings, however, acknowledge the need to construct new classifications of psychiatric disorders, 

considering the convergence and divergence of biological mechanisms and phenotypic 

presentations of these disorders. 

PCM1, one of the top cilia DEGs in SCZ, has recently emerged as a credible candidate 

for severe schizophrenia [79]. Missense mutation and polymorphisms of PCM1, have been 

previously associated with schizophrenia [35] [80]. PCM1, which is a DISC1- interacting protein, 

is involved in the maintenance of centrosome integrity and regulation of microtubule cytoskeleton 

and dopamine transmission [81-83]. Suppression of PCM1 affects neuronal migration and plays 
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a role LQ�FRUWLFDO�GHYHORSPHQW�DQG�JHQHWLF�VXVFHSWLELOLW\�WR�VFKL]RSKUHQLD�>��@��DQG�3FP���í�PLFH�

display deficits in social interaction and show significant reduction in brain volume [84]. 

The striking alterations in the expressions of GPCRs in the four psychiatric disorders, 

particularly in SCZ (75% of cilia GPCRs) indicate a crucial role for the cilia GPCRs in the 

pathogenesis of these disorders. Cilia-associated GPCRs regulate cilia formation, structure, and 

ability to respond to external stimuli [85], and therefore, are essential for correct ciliary signal 

WUDQVGXFWLRQ��7KH�KLJK�³GUXJJDELOLW\´�RI�*3&5V��DQG�WKH�DGYDQFHPHQWV�LQ�WKH�FLOLD�WDUJHWHG�GUXJ�

delivery [86, 87] make these receptors of great interest as druggable sites, which might lead to 

novel treatments and/or prevention strategies for these psychiatric disorders. 

In conclusion, we demonstrate gene dysregulations of almost all structural and functional 

components of primary cilia in four major psychiatric disorders, and identify large transcriptomic 

cross-disorder overlap. Our work provides strong evidence for the potential that primary cilia have 

as possible pathophysiological cause or therapeutic target in psychiatric disorders. 
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Chapter 3: Large-Scale Analysis Reveals Spatiotemporal Circadian Patterns of Cilia 

Transcriptomes in the Primate Brain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Baldi, P., Alhassen, W., Chen, S., Nguyen, H., Khoudari, M., & Alachkar, A. (2021). Large-
scale analysis reveals spatiotemporal circadian patterns of cilia transcriptomes in the 

primate brain. Journal of Neuroscience Research, 99, 2610±2624. 
https://doi.org/10.1002/jnr.24919 
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Abstract 
 
Cilia are dynamic sub-cellular 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 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 time scales. These findings 

support a role for the circadian spatiotemporal orchestration of cilia genes 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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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 [1-6], cilia have emerged as an essential component 

of sensory perception and transduction signaling pathways and a crucial center for non-synaptic 

neuronal signaling [7]. 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, FLOLD�DFW�DV�FHOO�³DQWHQQDV´�WR�VHQVH�HQYLURQPHQWDO�VLJQDOV�DQG�WUDQVGXFH�

them into biochemical responses that regulate a wide range of cellular activities (see  [8, 9] for 

reviews).  

Numerous extracellular and environmental stimuli can be detected and transduced by 

cilia, including light [10] odorant [11], mechanical stimuli and fluid flow [12-14], pH [15, 16], 

osmolarity [17, 18], temperature [19], gravity [20], and chemical signals (signaling molecules, 

neurotransmitter, hormones, growth factors) [15]. Besides performing these highly specialized 

sensory and transducing functions, cilia also act as signaling centers that mediate cell-to-cell 

communication through extracellular vesicles (EVs) [21, 22]. The signal transduction properties 

of cilia are mediated by specific molecular receptors associated with cilia membranes, including 

ion channels, receptor tyrosine kinases (RTK), and G-protein-coupled receptors (GPCRs) [23-

28].  

Cilia are highly dynamic systems in terms of length, ultrastructural morphology, sub-

compartments, and protein composition and trafficking, with the core structural and functional 
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components of cilia functioning in a highly coordinated manner [25, 29-31]. Many environmental 

stimuli that are sensed by cilia are oscillatory in nature and follow rhythmic temporal patterns of 

stimulation such as light--dark cycles [32, 33],  temperature [34], nutrient availability [35], and 

gravity [36-38].  The rhythmic nature of external signals sensed by cilia alongside their highly 

dynamic nature led us to speculate that genes encoding cilia sub-structural 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 [27, 39, 40], energy homeostasis [41], metabolism [42], 

body temperature [43],  sexual/reproductive behaviors [44, 45], and even higher brain functions 

related to memory, and mood  and social behavior [46-48].  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 [49].  
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Materials and methods 

&LOLD�JHQHV¶�OLVW 

We used a list of 281 genes that were identified and verified to be cilia genes expressed 

in the human brain using cilia databases [50-52], as described in our recent report [53]. 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. 

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, 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). 
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Circadian analysis 

For the circadian analyses, we extracted the transcriptomic time series associated with 

the 281 cilia genes from the full transcriptomic time series performed in 22 baboon brain regions 

[49] through CircadiOmics [54, 55], the largest repository of circadian omic time series datasets. 

We then identified which transcripts were oscillating in a circadian manner under control and 

experimental conditions. BIO_CYCLE [56], 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 p value (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 N output values V(i) ( ƤL� ����«��1��

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 V of the new signal s is 

FRPSDUHG�WR�9�L��L� ����«��1���SURGXFLQJ�WKH�HVWLPDWH�IRU�WKH�SUREDELOLW\�RI�REWDLQing an output of 

size V or 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 s is 

periodic. The corresponding q-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±
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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 

JURXS�ODEHOHG�DV�³RWKHU�´�7KH�SHUFHQWDJHV�RI�VXEVWUXFWXUDO�FLOLD�WUDQVFULSWV�WKDW�H[KLELWHG�FLUFDGLDQ�

rhythm were calculated. 
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Results 

Circadian oscillation of ciliary transcriptome in the brain is region-specific   

All 22 brain regions reported in the primate diurnal transcriptome atlas [49] had circadian cilia 

transcripts (Fig. 3.1a,b,) (www.brainmaps.org) [57], 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 

putamen (PUT), lateral globus pallidus (LGP) and mammillary body (MMB) (58 cilia cycling genes 

in each), and medial globus pallidus (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 (4 cilia cycling genes in each). 

The overwhelming majority (greater than 99%) of the cilia rhythmic transcripts oscillate with the 

period of 22-24-hours (Fig. 3.1c). 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 

EDFNJURXQG�FLUFDGLDQ�JHQHV�LQ�WKH�VDPH�UHJLRQ��3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQW�ZDV�KLJK��U2 = 

0.966, P < 0.0001, Fig. 3.1d). We computed the enrichment of circadian oscillating genes in these 

22 brain regions, and found that cilia circadian rhythmicity was overrepresented in 12 brain 

UHJLRQV��)LVKHU¶V�exact test, P < 0.05). Brain regions, in which cilia transcripts exhibited higher 

rhythmicity than the non-cilia transcripts, included the PRC (Odd ratio (OR)=1.8), PUT (OR=1.6), 

LGP (OR=1.67), MMB (OR=1.64), MGP (OR=1.5), dorsomedial hypothalamus (DMH) (OR =2.3), 

PVN (OR=2.2), visual cortex (VIC) (OR=1.74), suprachiasmatic nucleus (SCN) (OR=1.71), 

arcuate nucleus (ARC) (OR=2.38), pons (PON) (OR=1.49), and preoptic area (PRA) 

(OR=1.85)(Fig. 3.1e).  

 

http://www.brainmaps.org/
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Figure 3.1. 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; 

http://www.brainmaps.org/
https://onlinelibrary.wiley.com/doi/10.1002/jnr.24919#jnr24919-bib-0063
https://onlinelibrary.wiley.com/doi/10.1002/jnr.24919#jnr24919-bib-0067
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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 (p < 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 in the same region (Pearson's r, r2 = 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) 

 

We grouped the circadian ciliary genes into four 6-hour phases (quarter-phases) (Fig. 3.2a).  

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) 

(Fig. 3.2a,b). With a few exceptions, the peak phases in each brain region were mostly bundled 

in one or two narrow (<6 hours) temporal intervals (Fig. 3.2c,d). In regions such as ARC, DMH, 

LGP, MGP, PRC, PUT, PVN, VIC, SCN, 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 (Fig. 3.2d). 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 
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respectively. Similarly, except for the PRA, the phase clusters of the hypothalamic nuclei (ARC, 

DMH, SCN, and PVN) were similar (Fig. 3.2c,d).  
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Figure 3.2. 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 (p < 0.05), with mean expressions ordered by phase (p < 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. (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). 

Overlap of expression of cilia circadian genes across brain regions 

 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 (Fig. 3.3a). 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 (Fig. 3.3a). We surveyed genes that were detected as 

being circadian in multiple brain 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, TUBGCP6, and RAB8A, which were circadian in 9 regions (Fig. 3.3b). Out of these 

five genes, only FOPNL did peak within a distinct narrow interval (ZT17-ZT22) in all the 14 shared 

brain regions (Fig. 3.3b).  

https://onlinelibrary.wiley.com/doi/10.1002/jnr.24919#jnr24919-fig-0001
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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 (Fig. 3.3c,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) (Fig. 

3.3d).      
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Figure 3.3. Overlap of cilia circadian transcriptome in brain nuclei/regions. 

(a) Number of cilia circadian transcripts (y axis), whose expressions exhibit overlap in 

FRUUHVSRQGLQJ�QXPEHU�RI�EUDLQ�UHJLRQV¶�LQWHUVHFWLRQV��[ axis). (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 

Structural and functional organization of cilia circadian genes  

We then examined the distribuWLRQ�RI�FLOLD�FLUFDGLDQ�JHQHV¶�H[SUHVVLRQV�DFURVV�FLOLD¶V�PDLQ�

structural and functional components (Fig. 3.4a). 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) (Fig. 3.4a). Interestingly, 100% of genes encoding the components of the Golgi and IFT-

A particles were circadian, whereas 82%, 87.5%, 67%, 73%, 60%, and 47.6% of IFT-B, kinesin, 

transition zone, GPCRs, axoneme, dynein respectively exhibited circadian rhythms in at least one 

brain region (Fig. 3.4a,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 (Fig. 3.4a-n), whereas some components were widely distributed within 

14-18 hours, 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 
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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-hour light phase, whereas the circadian genes associated with dynein motors, which 

are responsible for the retrograde transport, peaked during the 12-hour 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 sub-structural components 

were mostly consistent with their rhythmic patterns in the whole brain (Fig. 3.4a,c-n). Circadian 

transcripts encoding specific cilia sub-structures, however, exhibited dispersed temporal phases 

in different brain regions. Unlike their multi-phasic 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 (Fig. 3.4a,c-n). 
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Figure 3.4. 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 

FRPSRQHQWV¶� WUDQVFULSWV� LQ� WKH� whole brain. The radial plot displays phases (hours) on the 
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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 

5K\WKPLFLW\�RI�EUDLQ�FLUFXLWV¶�IXQFWLRQV� 

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 (Fig. 3.3d, 3.5a). 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 hours of PUT cilia genes peaking (ZT6-ZT7 and ZT17-ZT20). Interestingly, nine out of the ten 

shared circadian transcripts among the basal ganglia structures (B9D1, C21ORF2, CCDC28B, 

FUZ, PARD6A, PKD1, RILPL1, TUBGCP2, and TUBGCP6) 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 (PCM1) in the basal ganglia nuclei peaked at ZT17 in the 

PUT and at ZT18- ZT20 in the three other nuclei, maintaining a 12-hours phase shift with respect 

to the other nine genes in the four basal ganglia structures.  
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Figure 3.5. 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 
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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 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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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 [49].  

Around 73% of cilia transcripts exhibited circadian rhythmicity across at least one of the 

22 brain regions reported in the primate diurnal transcriptome atlas [49], 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 and circadian 

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 many circadian 

transcripts which tend to peak in the early morning [49], 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 [49]. 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 ZT14-15 (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-hour 

interval (ZT14-18) [49]. 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 

[49]. These discrepancies raise the question of whether the gene expression of cilia circadian 



 58 

components is regulated in a specific way that is different from the background oscillating 

transcriptomes.       

Rhythmicity of cilia structural and functional components  

7KH� SULPDU\� FLOLD¶V� FRUH� VWUXFWXUH� FRPSULVHV� ���� D[RQHPH� WKDW� FRQVLVWV� RI� GRXEOHW�

microtubules nucleating and extending from the basal body through the ciliary transition zone [58, 

59]. The basal body is a centriolar structure composed of a radial array of nine triplet microtubules 

and comprised of a mother and daughter centrioles [60, 61]. 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-

18. 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 [62]. IFT is associated with a bidirectional transport 

process that relies on kinesin and dynein molecular motors, IFT particle sub-complexes (A and 

B), and IFT-associated proteins (e.g. Bardet±Biedl syndrome (BBS) proteins) [63, 64]. Kinesin-

dependent motors, associated with IFT-B particles, traffic cargo (e.g. axonemal components and 

receptors) towards the tip of the cilia. In contrast, dynein-mediated retrograde motor, associated 

with IF-A particles, recycles components back to the base [63-65]. 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 acccounted for 100% of the entire brain IFT-A genes, 

whereas rhythmic IFT-B genes accounted for 82% of brain IFT-B genes.  
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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, GALR3, GALR2, DRD5, and HTR6) as 

well as orphan receptors (GPR88, GPR161, GPR83) [27, 66-69]. Signaling through these cilia 

GPCRs has been implicated in numerous physiological functions such as movement control, 

feeding behavior, cognitive processes, wake/sleep, and reproduction [24, 27, 66, 70, 71]. Cilia 

receptors recruit kinesin/IFT-B transport machinery for their trafficking to the cilia membrane [72, 

73]. Therefore, peaking of the brain cilia primarily in the light phase (ZT2-3, ZT7, and ZT8-9) 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  

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 (ZT14-16)). 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 ADCY3 directly alter feeding behavior [74, 75]. On the other 

hand, cilia length is controlled by the feeding status (they are shorter in fasted mice than fed mice) 
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[76, 77]. 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 spatio-temporal coordination of activities within and across 

different parts of the basal ganglia-cortex loop are at the basis of motor initiation, coordination 

and learning [78]. Remarkably, the nine shared cilia rhythmic genes in the basal ganglia nuclei 

and the PRC peaked in these structures LQ�D�VHTXHQWLDO�IDVKLRQ��DV�LQ�D�ZDYH��387��=7���ĺ�681�

�=7���ĺ�/*3�0*3� �=7���ĺ�35&� �=7����7KLV�RUGHU� LV� LQWHUHVWLQJ��DV� LW� LV� WKH�VDPH�RUGHU�RI�

activation, albeit on a completely different time scale, 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 (SUNr) 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 movement by regulating motor planning, sequencing, feedback 

processing and learning; by acting as a coincidence detector of cortical and thalamic input [79-

82].  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 [83-86]). 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 
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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 time scales.  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 [25, 27, 87]. The 

pars compacta of the SUN (SUNc) 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: [86, 

88]).  

The basal ganglia circuit is believed to perform central clock functions in the brain [89, 90] 

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 [91]. It is accepted now that the pacemaker pulses are action potentials of dopaminergic 

neurons, and that dopamine controls the clock speed [92-94]. Thus, the increases in synaptic 

dopamine in the PUT/CA result in a faster internal clock process, whereas the decreases in 

PUT/CA synaptic dopamine slow down the clock speed [92-94].  

Dysfunctions of the basal ganglia underlie a spectrum of movement disorders including 

3DUNLQVRQ¶V�GLVHDVH��which results from the degeneration of dopaminergic neurons in the SUNc, 

DQG� +XQWLQJWRQ¶V� GLVHDVH�� ZKLFK� 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 [95-97]. The rhythmicity of 
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FLOLD� JHQHV� HQFRGLQJ� WKHUDSHXWLF� WDUJHWV� �'RSDPLQH� UHFHSWRUV�� IRU� 3DUNLQVRQ¶V� GLVHDVH� DQG�

HuntingWRQ¶V�GLVHDVH�VXJJHVWV�WKDW�WKH�WKHUDSHXWLF�HIILFDFLHV�PLJKW�EH�LQIOXHQFHG�E\�WKH�WLPH-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.  

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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Chapter 4: Regulation of Brain Primary Cilia Length by MCH Signaling: Evidence from 

Pharmacological, Genetic, Optogenetic, and Chemogenic Manipulations  
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Abstract 
 

The melanin-concentrating hormone (MCH) system is involved in numerous functions, 

including energy homeostasis, food intake, sleep, stress, mood, aggression, reward, maternal 

behavior, social behavior, and cognition. In rodents, MCH acts on MCHR1, a G protein-coupled 

receptor, which is widely expressed in the brain and abundantly localized to neuronal primary 

FLOLD��&LOLD�DFW�DV�FHOOV¶�DQWHQQDV�DQG�SOD\�FUXFLDO�UROHV�LQ�FHOO�VLJQDOLQJ�WR�GHWHFW�DQG�WUDQVGXFH�

external stimuli to regulate cell differentiation and migration. Cilia are highly dynamic in terms of 

their length and morphology; however, it is not known if cilia length is causally regulated by MCH 

system activation in vivo. In the current work, we examined the effects of activation and 

inactivation of MCH system on cilia lengths by using different experimental models and 

methodologies, including organotypic brain slice cultures from rat prefrontal cortex (PFC) and 

caudate±putamen (CPu), in vivo pharmacological (MCHR1 agonist and antagonist GW803430), 

germline and conditional genetic deletion of MCHR1 and MCH, optogenetic, and chemogenetic 

(designer receptors exclusively activated by designer drugs (DREADD)) approaches. We found 

that stimulation of MCH system either directly through MCHR1 activation or indirectly through 

optogenetic and chemogenetic-mediated excitation of MCH-neuron, caused cilia shortening, 

detected by the quantification of the presence of ADCY3 protein, a known primary cilia marker. In 

contrast, inactivation of MCH signaling through pharmacological MCHR1 blockade or through 

genetic manipulations ² germline deletion of MCHR1 and conditional ablation of MCH neurons 

² induced cilia lengthening. Our study is the first to uncover the causal effects of the MCH system 

in the regulation of the length of brain neuronal primary cilia. These findings place MCH system 

at a unique position in the ciliary signaling in physiological and pathological conditions and 

implicate MCHR1 present at primary cilia as a potential therapeutic target for the treatment of 

pathological conditions characterized by impaired primary cilia function associated with the 

modification of its length.  
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Introduction 

Melanin-concentrating hormone (MCH), a 19 amino acid hypothalamic neuropeptide, is 

involved in numerous functions, including food intake, energy homeostasis, arousal, sleep, 

learning and memory, cognition, emotions, and maternal behavior [4, 13, 14, 18, 22, 23, 34, 35, 

60, 63, 64, 82]. Dysregulation of the MCH system has been linked to psychiatric and neurological 

GLVRUGHUV�VXFK�DV�GHSUHVVLRQ�DQ[LHW\�DQG��PRVW�UHFHQWO\��VFKL]RSKUHQLD�DQG�$O]KHLPHU¶V�GLVHDVH�

[58, 83].  

MCH exerts its actions through activating the G protein- coupled receptor (GPCR) MCHR1 

that is widely distributed throughout the brain [68, 69]. MCHR1 couples to Gi/o and Gq, resulting 

in the activation of signaling pathways, including Ca2+ mobilization, ERK phosphorylation, and 

inhibition of cyclic AMP generation. MCHR1 receptors are abundantly found in neuronal primary 

cilia [8, 26, 43], protrusions from the cell bodies of neurons that act as antennas for cells. Cilia are 

responsible for signaling functions, including detecting and transducing external stimuli crucial for 

maintaining homeostasis (see [10, 85], for reviews). Despite the limited understanding of primary 

cilia functions, their abundant distribution throughout the brain and correlation of cilia dysfunctions 

to some cognitive diseases and behavioral abnormalities suggest an essential role for cilia in brain 

functions. A few G protein-coupled receptors (GPCRs) have been shown to selectively localize to 

cilia including somatostatin receptor 3 (SSTR3), serotonin receptor 6 (5HTR6), and melanocortin 

receptors (MC4R) [9, 15, 27, 37, 59, 81].  

We recently showed that dysregulations of cilia genes, including ciliary GPCRs, are 

associated with major psychiatric disorders, including schizophrenia, autism, major depressive 

disorder, and bipolar disorder [3]. Therefore, MCHR1 localization on cilia membranes might be 

the basis of the uniqueness of these receptors in regulating ciliary signaling. In support of this 

notion, in vitro studies demonstrated that MCH treatment shortened the length of cilia in human 

retinal pigmented epithelial (hRPE1) cells transfected with MCHR1. Additionally, the reduction in 

cilia length was mediated via Gi/o-Akt pathway [75]. A recent study by the Saito group 
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demonstrated that treatment of hippocampus slice cultures with MCH induced cilia shortening in 

the CA1 region [43]. Moreover, their results revealed a marked increase in MCH mRNA 

expression in the lateral hypothalamus of fasting mice which correlated with a reduction of 

MCHR1-positive cilia lengths in the hippocampal CA1 region [43]. Therefore, we aim to establish 

the causal relationship between MCH system signaling and cilia length. We examined how 

manipulating the MCH system affects cilia integrity in multiple mouse brain regions. We used 

multiple techniques to manipulate the MCH system, including pharmacological, genetic, 

optogenetic, and chemogenetic approaches to determine how alterations in the MCH system 

affect cilia length.  
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Materials and Methods 

Ex Vivo Studies Rat Brain Slice Culture from the Striatum (Caudate/ Putamen (CPu)) and 

Prefrontal Cortex (PFC)  

For rat brain slices, Wistar rats (Charles River Japan, Yokohama, Japan) were maintained in a 

room under a 12 h light:12 h darkness cycle and controlled temperature (23 to 25 °C), with water 

and food available ad libitum. All experimental protocols were reviewed by Hiroshima University 

Animal Care Committee and met the Japanese Experimental Animal Research Association 

standards, as defined in the Guidelines for Animal Experiments (1987). We established rat CPu 

and PFC slice culture method for clear detection of primary cilia and ciliary MCHR1 based on a 

previous study [43]. The 11-day-old rats were anesthetized with 5% isoflurane and decapitated 

for slice culture preparation. Brains were removed, embedded in agarose, and dissected into 200 

ȝP�FRURQDO�VOLFHV�using a McIlwain tissue chopper (The Mickle Laboratory Engineering, Surrey, 

UK). The CPu and PFC (Paxinos, 2007) slices were trimmed from the same individual brain slice 

in ice-FROG�GLVVHFWLRQ�EXIIHU������P0�.&O�������ȝ0�&D&O�������P0�1D+�32������P0�JOXFRVe, 20 

mM HEPES, 8 mM NaOH, 18 mM NaCl, 0.23 M sucrose, and penicillin G sodium/streptomycin 

sulfate (PG/SM)). The four CPu slices and eight PFC slices were placed on separate Millicell Cell 

Culture inserts (PICM0RG50; Merck Millipore, Germany) in 35-mm petri dishes. Each 35-mm petri 

dish contained 1 ml of starter medium comprising 50% MEM (GIBCO, Grand Island, NY, USA), 

����QRUPDO�KRUVH�VHUXP������+DQNV¶�EDODQFHG�VDOW�VROXWLRQ�����P0�JOXFRVH��DQG�3*��60��&3X�

and PFC slices were placed on each membrane and maintained at 37 °C in a 5% CO2 incubator. 

After 1 day, the medium was changed to neurobasal medium (21,103±049; Gibco) containing 

1.2% B27 serum-free supplement (17,504±044; Gibco), 25 mM GlutaMAX I (Gibco), and PG/SM 

(Slice-GM). One-third of the Slice-GM was changed every 72 h. CPu and PFC slices were treated 

with MCH (30 nM, Peptide Research Institute, Osaka, Japan) on days 14 and 7 of culture, 

respectively.  
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Immunohistochemical staining of each slice was performed by placing Millicell Cell Culture 

inserts in 6-well culture plates. After MCH treatment, the slices were fixed for 3 h at 4 °C in fresh 

4% paraformaldehyde, washed with PBS, heated (70 °C for 20 min) in 10% Histo VT One (Nacalai 

Tesque, Kyoto, Japan) in PBS for anti- gen retrieval, and blocked with PBS containing 5% horse 

serum and 0.1% Triton X-100 for 2 h. The slices were then incubated with rabbit anti-rat adenylate 

cyclase 3 (ADCY3, RPCA-ACIII; Encor Biotechnology, Alachua, FL, USA; 1:5000) and goat anti-

human MCHR1 (goat anti-human MCHR1; C-17, sc-5534; Santa Cruz Biotechnology; 1:300) 

primary antibodies overnight at 4 °C. The bound antibodies were detected by incubation with 

Alexa Fluor 488-conjugated donkey anti-rabbit IgG (A21206, Thermo Fisher Scientific, Rockford, 

IL, USA; 1:300) or Alexa Fluor 546-conjugated donkey anti-goat IgG (A11056, Thermo Fisher 

Scientific; 1:300) secondary antibodies for 2 h at room temperature. Each brain slice was cut out 

from the Millicell Cell Culture inserts using a scalpel together with the Millicell membrane and then 

mounted with VECTOR Shield.  

Microscopic Images and Analysis  

The length of primary cilium, which is labeled both with MCHR1/ADCY3, was measured with a 

BZ-9000 fluorescence microscope (Keyence, Osaka, Japan) using PhotoRuler ver. 1.1 software 

(the Genus Inocybe, Hyogo, Japan). A minimum of 80 cilia per treatment were obtained from at 

least three independent experiments, and the values are presented as means ± SEM. Numerical 

data are shown as scatter plot (boxplots and bee swarms) for the cilia length distributions in each 

group.  

In Vivo Studies  

All experimental procedures were approved by the Institutional Animal Care and Use Committee 

of the University of California, Irvine, and were performed in compliance with national and 

institutional guidelines for the care and use of laboratory animals. Animal genetic background and 

treatments are summarized in Table 4.1.  
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Table 4.1. Mouse genetic background and routes of drug/virus administrations 

 

Pharmacological Manipulations Chronic Intracerebroventricular (i.c.v) Administration of 

MCH  

Eight-week-old Swiss Webster male mice (n = 16) underwent stereotaxic surgery to implant a 

stainless steel guide cannula into the lateral ventricles (20-gauge guide cannulas with 2.5-mm 

custom-cut depth, PlasticsOne). Animals were anesthetized with 2% isoflurane anesthesia 

(Institutional Animal Care and Use Committee guide- lines) and were secured in a Kopf 

VWHUHRWD[LF�LQVWUXPHQW��*XLGH�FDQQXOD�ZDV�LPSODQWHG�DW�í������PP�SRVWHULRU�WR�EUHJPD������PP�

lateral, and 2.3 mm below the skull surface (G. Paxinos, 2001). Animals were then allowed to 

recover for 1 week with a dummy cannula in place before injections. Animals were then infused 

with either vehicle (phosphate-buffered saline (pH 7.4)) with 0.2% bovine serum albumin or MCH 

peptide (1 QPRO��GLVVROYHG�LQ�WKH�VDPH�YHKLFOH�IRU���FRQVHFXWLYH�GD\V�XVLQJ�D����ȝO�+DPLOWRQ�

Microsyringe. MCH (1 nmol) was dissolved in phosphate-buffered saline (pH 7.4) with 0.2% 

bovine serum albumin. The dose of MCH was determined by previously reported findings [70]. 
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Following the last injection, 9±10-week-old mice were anesthetized with isoflurane and perfused 

intracardially with saline and 4% paraformaldehyde.  

Intraperitoneal Administration of MCHR1 Antagonist GW 803430  

Eight-week Swiss Webster male mice were administered intraperitoneally (i.p.) 3 mg/kg (n = 8) 

MCH1R antagonist GW803430 or vehicle (n = 8) for 7 consecutive days [31, 70]. GW80343 was 

dissolved in a vehicle made in 2% Tween 80 with acetic acid. This dose was selected based on 

previous receptor occupancy studies demonstrating that near-complete blockade of the MCH 

system is achieved following i.p. administration at the 3 mg/kg dose [31, 70]. Following the final 

injection at 9±10 weeks old, animals were perfused transcardially for tissue fixation.  

Genetic Manipulation  

Germline MCHR1 Knockout (MCHR1 KO) and MCH Conditional Knockout (MCHcKO) mice 

MCHR1 KO male mice were generated as previously described [49]. Pmch- Cre/ + ,iDTR/+ mice 

were generated as described previously [2]. Briefly, PmchCre mice (Tg(pMCH-cre)1Lowl/J mice, 

Jackson Laboratories, Bar Harbor, Maine, USA) that express Cre-recombinase (Cre) under the 

MCH promoter [45] were bred with homozygous inducible diphtheria toxin receptor iDTR/+ mice 

(from Dr. Satchidananda Panda and originally generated in the lab of Dr. Ari Waisman), rendering 

MCH neurons in these mice sensitive to diphtheria toxin (DT) [2, 17, 70, 83]. The resulting 

iDTR+PmchCre+ (iDTR+/Cre+) and their control littermate iDTR+PmchCreí(iDTR+/Creí) mice were 

LQMHFWHG� WZLFH� LQ� �� GD\V� ZLWK� WKH� GLSKWKHULD� WR[LQ� �'7�� ���� ȝJ�NJ�� L�S���� ZKLFK� WKHQ� SURGXFHV�

profound ablation of MCH neurons.  

Optogenetic Stimulation of MCH Neurons  

Surgery  

AAV5-EF1a-DIO-ChR2-T159c-H<)3��WLWHU������î���13 vg/mL) is an EF1a-driven, Cre-dependent, 

humanized channelrhodopsin E123T/T159C mutant fused to EYFP for optogenetic activation 

(pAAV-Ef1a- DIO hChR2 (E123T/T159C)-EYFP was a gift from Karl Deisseroth (Addgene viral 

prep # 35,509-AAV5; http:// n2t.net/addgene:35509; RRID: Addgene_35509) [50]. AAV5-EF1a-
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DIO-ChR2-T159c-eYFP was stereotaxically injected into the lateral hypothalamus (flat skull 

FRRUGLQDWHV�IURP�EUHJPD��DQWHURSRVWHULRU��í������PP��PHGLRODWHUDO������PP��DQG�dorsalventral, 

í������PP��RI��-week-old male transgenic C57BL/6 PmchCre + (n = 8) and PmchCre- animals 

(n = 8), (Jackson Laboratories, Bar Harbor, Maine, USA) that express Cre-recombinase (Cre) 

under the MCH promoter. Each mouse received one injection of 800 nl in each lateral 

hypothalamus. At this time, the high-SRZHU� /('� ILEHU� FDQQXOD� �FRUH� GLDPHWHU� ���� ȝP�� RXWHU�

GLDPHWHU�����ȝP��OHQJWK�����PP��QXPHULFDO�DSHUWXUH�������3UL]PDWL[��,VUDHO��ZDV�LPSODQWHG�LQ�WKH�

ODWHUDO�K\SRWKDODPXV�DW�í�����PP�VOLJKWO\�DERYH�WKH�LQjection site. The cannula light irradiance 

was adjusted to 6 mW before implantation. An additional hole was drilled on the opposite side for 

stainless steel holding screws. The fiber was fixed with dental cement holding the fiber and screw 

to the skull. The skin was closed with silk sutures. Animals were allowed to recover for 1 week 

before the start of the experiments. Correct fiber placement and injection site were ascertained 

postmortem on coronal brain sections.  

Animals were habituated to the connection of the fiber patch cords to their cannulas inside 

their home cage for 1 h for 3 days. On the fourth day, animals were connected to the fiber patch 

cord and were tested in their home cage on feeding behavior. Animals were exposed to a 460 nm 

blue led light source to excite ChR2 at a specific stimulation paradigm: 10 Hz, 10 ms pulse 1 s, 

repeated every 4 s for 10 min. Feeding behavior was tracked and recorded. Twenty-four hours 

after feeding behavior test, mice were exposed to blue light at 10 ms pulse 1 s repeated every 4 

s for 30 min and were intracardially perfused 90 min post light exposure.  

Designer Receptors Exclusively Activated by Designer Drug (DREADD)-Based 

Chemogenetic Stimulation of MCH Neurons  

AAV8-hSyn-DIO-hM3D(Gq)-mCherry (titer, 4.8 × 1012 GC/mL) (pAAV-hSyn-DIO-

hM3D(Gq)- mCherry was a gift from Bryan Roth (Addgene viral prep #44,361-AAV8; 

http://n2t.net/addgene: 44,361; RRID:Addgene_44361)) was stereotaxically injected into the 

lateral hypothalamus (flat skull coordinates from bregma: anteURSRVWHULRU�� í� ����� PP��
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PHGLRODWHUDO������PP��DQG�GRUVDO�YHQWUDO��í������PP���*��3D[LQRV��������RI��-week-old male 

transgenic C57BL/6 PmchCre + (n = 8) and PmchCre- animals (n = 8). This virus is a Syn-driven, 

Cre-dependent, hM3D(Gq) receptor with an mCherry reporter for CNO-induced neuronal 

activation [46]. Using this virus in mice that express Cre in MCH neurons allows precise 

expression of DREADD in the lateral hypothalamus and activates MCH neurons directly via CNO. 

Mice received two injections (both hemispheres; 0.6 nl), and then 1 week post-surgery animals 

were injected with one dose of CNO (1 mg/kg) and perfused 90 min after CNO injection.  

Immunohistochemistry  

Immunofluorescent staining was carried out as previously reported [65]. Briefly, 9±10-

week-old animals were perfused transcardially under isoflurane anesthesia with saline followed 

E\����SDUDIRUPDOGHK\GH�LQ�SKRVSKDWH�EXIIHU�VDOLQH��%UDLQV�ZHUH�UHPRYHG��DQG����ȝP�FRURQDO�

brain sections were dissected. The MCH-neuron ablation was verified by visualizing MCH 

neurons using rabbit polyclonal anti-MCH antibody (1:150,000, anti- body courtesy of W. Vale, 

Salk Institute, La Jolla, CA, USA) as previously described [70]. A goat anti-rabbit (1:500,Thermo 

Fisher) was used to visualize MCH immunoreactivity. For the cilia study, three to five sections 

were selected from each region of interest according to the mouse brain atlas (G. Paxinos, 2001). 

Primary cilia were stained with ADCY3 (rabbit, 1:500; Santa Cruz Biotechnology) and the 

secondary antibody donkey anti-rabbit Alexa 546 (Thermo Fisher Scientific). For c-Fos 

immunohistochemistry, mice were perfused 90 min after stimulation, and brain sections were 

stained with rabbit anti-c-)RV� DQWLERG\� �������� ,QYLWURJHQ��� 1XFOHL� ZHUH� VWDLQHG� ZLWK� �ƍ��-

diamidino-2-phenylindole (DAPI) solution (1:10,000) and mounted with Aquamount mounting 

solution. Four to six brains from each group were used for quantification. For each brain, we used 

four to six non-consecutive sections per region of interest. Quantification of primary cilia was 

based solely on ADCY3 immunofluorescence positive signals. Each section was imaged 

bilaterally, thus giving 2 images quantifying a total of 10 images per region per brain. Cilia were 

counted in the bilateral areas of each section, and each brain was given one averaged cilia length 
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value for each region. Image acquisition was carried out using a confocal laser microscope. 

Images were captured using Leica Sp8 TCS confocal microscope (UCI optical biology core 

facility). Cilia length was measured using ImageJ [71] in all cells in each section, and the mean 

values of three sections per brain of 3±5 brains were calculated. A number of cilia in specific 

regions of the brain were also counted and referred to as cilia density per field. All cilia 

measurements were performed by two persons blind to the experiment conditions using cilia 

OHQJWK� FXWRII� RI� ���� ȝP�� $� WRWDO� RI� ��� DQLPDOV� ZHUH� XVHG� SHU� H[SHULPHQW� ��� FRQWURO� DQG� ��

experimental groups), and 3±5 animals per group were used for analysis. Additional animals were 

used to account for any margins of error that may occur during perfusions, cutting, etc.  

Statistical Analysis  

GraphPad Prism (GraphPad Software, Inc.) was used for statistical analysis, and all data 

were presented as mean ± standard error PHDQ��6(0���6WXGHQW¶V�XQSDLUHG� t test was used to 

analyze the results. P value < 0.05 was considered statistically significant.  
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Results 

MCH Shortens Cilia Length in the Rat Organotypic Striatum and Prefrontal Cortex Culture  

Immunohistochemical analyses in the brains of rats showed that ADCY3/MCHR1 double-

positive neuronal primary cilia were localized in discrete regions, including CPu and cerebral 

cortex [26]. Cilia MCHR1 merge with ADCY3 was also observed in cultured slices derived from 

the rat CPu and PFC (Fig. 4.1a, c). The neuronal cilia length in the CPu slices was 10.30 ± 0.23 

ȝP��PHDQ���6(0���DQG�0&+�WUHDWPHQW�IRU����K�GHFUHDVHG�WKLV�OHQJWK�E\��������������������ȝP��

unpaired t test, P < 0.01) (Fig. 4.1b). We observed a similar effect of MCH in rat PFC slice cultures. 

([SRVXUH�WR�0&+�OHG�WR�QHXURQDO�FLOLD�VKRUWHQLQJ�E\������������������ȝP�YV�������������ȝP��

mean ± SEM, unpaired t test, P < 0.01) (Fig. 4.1d).  
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Figure 4.1. MCH treatment leads to cilia length shortening in cultured brain slices. CPu and 

PFC slices were treated with MCH on days 14 or 7 of culture, respectively.  

a, b Rat CPu slice cultures were treated with vehicle or 30 nM MCH for 18 h. c, d Rat PFC slice 

cultures were treated with vehicle or 30 nM MCH for 6 h. a, c Primary cilia were co-labeled with 

DQWLERGLHV�DJDLQVW�$'&<���JUHHQ��DQG�0&+5���UHG���6FDOH�EDUVௗ ௗ�� ȝP� b, d The scatter plot 

represents cilium lengths measured using ADCY3/MCHR1 double labeling in randomly selected 

fields; at least 80 cilia per group in both CPu slices (b) and PFC slices (d) were evaluated, 

respectively. Primary cilia were significantly shorter in MCH-treated cultures than in control 

cultures for both CPu slices and PFC slices. Unpaired t test, **Pௗ�ௗ������'DWD�DUH�SUHVHQWHG�DV�

PHDQVௗ�ௗ6(0 
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Activation of the MCH System Shortens Cilia Length in the Mouse Brain MCHR1 Agonist 

Shortens Cilia in the Mouse Brain  

The central (i.c.v.) administration of MCH in adult mice for 7 consecutive days caused a significant 

decrease in the cilia length in several regions of the brain, including the hippocampus, striatum, 

prefrontal cortex (PFC), and nucleus accumbens (NAc) (Fig. 4.2a). In the PFC, administration of 

0&+� FDXVHG� D� ���� UHGXFWLRQ� LQ� FLOLD� OHQJWK� ������ �� ����� ȝP� LQ� WKH� 3)&� RI� WKH� DQLPDOV�

administered vehicle, n = ���FRPSDUHG�WR������������ȝP�LQ�PLFH�WUHDWHG�ZLWK�0&+��n = 4, t = 6.433, 

P = 0.0007, unpaired t test) (Fig. 4.2b-d). In the CA1, administration of MCH caused a 33% 

VKRUWHQLQJ�LQ�FLOLD�OHQJWK���������������ȝP�LQ�WKH�&$��RI�WKH�DQLPDOV�DGPLQLVWHUHG�YHKLFOH� n = 4, 

com- SDUHG�WR��������������ȝP�LQ�PLFH�WUHDWHG�ZLWK�0&+��n = 4, t = 8.436, P = 0.0002, unpaired 

t test) (Fig. 4.2e-g). In the CPu, administration of MCH, n = 5, caused a 37% reduction in cilia 

OHQJWK� �������������ȝP�FRPSDUHG� WR�������������ȝP� LQ� WKH CPu of the animals administered 

vehicle, n = 5, t = 10.03, P < 0.0001, unpaired t test) (Fig. 4.2h-j). In the NAc, administration of 

0&+�FDXVHG�D� UHGXFWLRQ� LQ� FLOLD� OHQJWK�E\����� ��������������ȝP� LQ� WKH�1$F�RI� WKH�DQLPDOV�

administered vehicle, n  ����FRPSDUHG� WR�����������ȝP�ZKHQ�JLYHQ�0&+��n=4, t=3.648, P = 

0.0107, unpaired t test) (Fig. 4.2k-m). Chronic MCH administration caused a significant decrease 

in cilia density per field in the PFC (t = 3.849, P = 0.0085), CA1 (t = 3.141, P = 0.02), CPu (t = 

4.224, P = 0.0055), and NAc (t = 3.766, P = 0.0093).  
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Figure 4.2. Chronic intracerebroventricular administration of MCH to mice shortens cilia 

length. 

a. Schematic representation of chronic intracerebroventricular administration of MCH peptide. 

Male mice were administered with vehicle or MCH (1 nmol). Diagram was created with 

BioRender.com webpage. b, e, h, k Immunostaining of ADCY3 labeled in red fluorescence and 

counterstained with DAPI (blue) in the b PFC, e CA1, h CPu, and k NAc in animals administered 

ZLWK� 0&+� RU� YHKLFOH� �VFDOH� EDUௗ ௗ�� ȝP�� PDJQLILFDWLRQௗ ௗ��ௗî�� c, e, g, i Quantification of the 

OHQJWK� RI� $'&<�ௗ�ௗSULPDU\� FLOLD� �ȝP�� LQ� WKH c PFC, e CA1, g CPu, and (i) NAc in animals 

administered with MCH or vehicle, ***Pௗ�ௗ�������DQG�

Pௗ�ௗ����� d, g, j, m Cilia were grouped by 

OHQJWK��ȝP��DQG�SORWWHG�DJDLQVW�WKH�QXPEHU�RI�FHOls (%) in the d PFC, g CA1, j CPu, and m NAc 

 
Optogenetic and Chemogenic Excitation of MCH Neurons Shortens Cilia Length  

Optogenetic stimulation of MCH neurons was applied to one hemisphere of the brain at 

460 nm blue led light at 10 Hz 10ms pulse 1s repeated every 4s for 10 min, based on previously 

reported rates, at which MCH neurons fire [33, 39] (Fig. 4.3a). Expression of ChR2 in the LH MCH 

neurons was confirmed using double immunostaining of GFP (green) and MCH (red) in Pmch- 

Cre + and PmchCre- mice (Fig. 4.3b). Co-expression of GFP fluorescence (green) and c-Fos 

immunofluorescence (red) identifies cells recently activated neurons in PmchCre + and PmchCre- 

mice (Fig. 4.3c). Optogenetic stimulation of MCH neurons in PmchCre + mice caused a significant 

bilateral decrease in cilia length compared to PmchCre- mice (control) in the CA1, striatum, PFC, 

and NAc. In the PFC, cilia lengths were shortened by 59% in PmchCre + mice compared to 

PmchCre- IROORZLQJ�RSWRJHQHWLF�VWLPXODWLRQ�RI�0&+�QHXURQV��������������ȝm in PmchCre- mice, 

n  ����FRPSDUHG�WR��������������ȝP�LQ�3PFK&UH���PLFH��n = 4, t = 6.319, P = 0.0007, unpaired t 

test) (Fig. 4.3d-f). In the CA1, stimulating MCH neurons caused a significant reduction in cilia 

OHQJWK� E\� ���� ������� �� ����� ȝP� LQ� 3PFK&UH- mice, n  � ��� FRPSDUHG� WR� ����������� ȝP� LQ�

PmchCre+ mice, n=4, t=3.535, P = 0.0123, unpaired t test) (Fig. 4.3g-i). In the CPu, stimulating 
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0&+�QHXURQV�FDXVHG�D�VLJQLILFDQW�VKRUWHQLQJ�RI�FLOLD�OHQJWK�E\�������������������ȝP�LQ�3PFK&UH- 

mice, n = 5 compared tR�������������ȝP�LQ�3PFK&UH���PLFH��n = 5, t = 3.520, P = 0.0078, unpaired 

t test (Fig. 4.3k-l). In the NAc stimulating MCH neurons caused significant reduction in cilia length 

E\�������������������ȝP�LQ�3PFK&UH- mice, n  ����FRPSDUHG�WR��������������ȝ�LQ�PmchCre + 

mice, n = 4, t = 2.593, P = 0.0410, unpaired t test) (Fig. 4.3m-o). PmchCre + mice also exhibited 

more food intake than PmchCre- mice when exposed to blue light. Over the observed 10 min, 

PmchCre + mice aver- aged 74.13 s of feeding, while PmchCre- mice averaged 7.413 s (t = 7.027, 

P < 0.001). Stimulating MCH neurons via optogenetics caused a significant decrease in cilia 

density per field in the PFC (t = 3.789, P = 0.0091), CA1 (t = 6.324, P = 0.0007), and CPu (t = 

5.656, P = 0.0013).  
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Figure 4.3. Optogenetic stimulation of MCH shortens cilia length.  

a ([SHULPHQWDO�DSSURDFK��$GXOW�3PFK&UHௗ�ௗDQG�3PFK&UH- mice were stereotaxically injected with 

AAV-()�Į-DIO-ChR2-T159c-eYFP in the lateral hypothalamus (LH). A fiber cannula was then 

placed in the LH slightly above the injection site. Diagram was created with BioRender.com 

webpage. b Coexpression of ChR2 (green) containing neurons in the lateral hypothalamus and 

0&+� LPPXQRIOXRUHVFHQFH� �UHG�� DQG� FRXQWHUVWDLQHG� ZLWK� '$3,� �EOXH�� LQ� 3PFK&UHௗ�ௗDQG�

PmchCre- PLFH���VFDOH�EDUௗ ௗ�� ȝP��PDJQLILFDWLRQௗ ௗ��ௗî�� c ChR2 fluorescence (green) and c-

Fos immunofluorescence (red) identifies FHOOV� UHFHQWO\� DFWLYDWHG� LQ�3PFK&UHௗ�ௗDQG�3PFK&UH- 

PLFH� �VFDOH� EDUௗ ௗ�� ȝP�� d, g, j, m Immunostaining of ADCY3 labeled in red fluorescence in 

the d PFC, g CA1, j CPu, and m 1$F�DIWHU�EOXH�OLJKW�DFWLYDWLRQ�LQ�3PFK&UHௗ�ௗDQG�3PFK&UH- mice 

�VFDOH� EDUௗ ௗ�� ȝP�. e, h, k, n 4XDQWLILFDWLRQ� RI� WKH� OHQJWK� RI� $'&<�ௗ�ௗSULPDU\� FLOLD� �ȝP�� LQ�

the ePFC, h CA1, k CPu, and n NAc, *Pௗ�ௗ������

Pௗ�ௗ������DQG�


Pௗ�ௗ������ f, I, l, o Cilia were 
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JURXSHG�E\�OHQJWK��ȝP��DQG�SORWWHG�DJDLQVW�WKH�QXPEHU�RI�FHOOV�����LQ�WKH f PFC, i CA1, l CPu, 

and o NAc 

DREADD expression in MCH neurons was confirmed by double immunostaining of 

mCherry fluorescence (red) identifying DREADD-expressing neurons and MCH staining (green) 

(Fig. 4.4a,b). Co-expression of mCherry fluorescence (red) identifies DREADD-expressing 

neurons, and c-Fos immunofluorescence (green) confirmed cells recently activated in PmchCre 

+ and PmchCre- mice (Fig. 4.4c). DREADD hM3Dq-mediated chemogenic activation of MCH 

neurons in PmchCre + adult mice caused a significant decrease in cilia length compared to 

PmchCre- adult mice in both hemi- spheres of the brain in several regions of the brain, including 

the CA1, striatum, PFC, and NAc. In the PFC, stimulating MCH neurons in PmchCre- mice caused 

D�����GHFUHDVH�LQ�FLOLD�OHQJWK�����������������ȝP�LQ�3PFK&UH- mice, n = 4, com- pared to 3.125 

���������ȝP�LQ�3PFK&UH���PLFH��n = 4, t = 4.090, P = 0.0064, unpaired t test) (Fig. 4.4d-f). In the 

CA1, stimulating MCH neurons in PmchCre- mice caused a 39% decrease in cilia length (6.079 

���������ȝP�LQ�3PFK&UH- mice, n = 4, com- SDUHG�WR����������������ȝP�LQ�3PFK&UH���PLFH��n = 

4, t = 5.426, P = 0.0016, unpaired t test) (Fig. 4.4g-i). In the CPu, stimulating MCH neurons in 

PmchCre- PLFH�FDXVHG�D�����GHFUHDVH�LQ�FLOLD�OHQJWK�����������������ȝP�LQ�3PFK&UH- mice, n 

= 4, com- SDUHG�WR����������������ȝP�LQ�3PFK&UH���PLFH��n = 4 (t = 4.918, P = 0.0027, unpaired 

t test) (Fig. 4.4j-l). In the NAc, stimulating MCH neurons in PmchCre- mice caused a 32% 

GHFUHDVH� LQ�FLOLD� OHQJWK� ����������������ȝP� LQ�3PFK&UH- mice, n = 4, com- pared to 6.267 ± 

������� ȝP� LQ�3PFK&UH� ��PLFH��n = 4, t = 6.073, P = 0.0009, unpaired t test) (Fig. 4.4m-o). 

Activation of MCH neurons via chemogenetics caused a significant decrease in cilia density per 

field in the PFC (t = 4.092, P = 0.0064) and CA1 (t = 3.613, P = 0.0112).  
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Figure 4.4. Chemogenic excitation of MCH shortens cilia length.  

a. ([SHULPHQWDO�DSSURDFK��$GXOW�3PFK&UHௗ�ௗDQG�3PFK&UH- mice underwent bilateral stereotaxic 

injection in the lateral hypothalamus with AAV-hSyn-DIO-hM3D(Gq)-mCherry to express 

DREADD in Cre-expressing MCH neurons. Clozapine-N-oxide (CNO) was delivered 

intraperitoneally to stimulate MCH neurons. Diagram was created with BioRender.com 

webpage. b Co-expression of mCherry fluorescence (red) identifying DREADD-expressing 

neurons and MCH immunofluorescence (green) and counterstained with DAPI (blue) in 

3PFK&UHௗ�ௗDQG� 3PFK&UH- PLFH� �VFDOH� EDUௗ ௗ�� ȝP�� PDJQLILFDWLRQௗ ௗ��ௗî�� c mCherry 

fluorescence (red) identifies DREADD-expressing neurons, and c-Fos immunofluorescence 

�JUHHQ�� LGHQWLILHV� FHOOV� UHFHQWO\� DFWLYDWHG� LQ� 3PFK&UHௗ�ௗDQG� 3PFK&UH- mice (Scale 

barௗ ௗ�� ȝP�� d, g, j, m Immunostaining of ADCY3 labeled in red fluorescence in 

the d PFC, g CA1, j CPu and m NAc via CNO-dependent activation of Gq signaling in 

3PFK&UHௗ�ௗDQG� 3PFK&UH- PLFH� �VFDOH� EDUௗ ௗ�� ȝP�� e, h, k, n) Quantification of the length of 

ADCY�ௗ�ௗSULPDU\� FLOLD� LQ� WKH e PFC, hCA1, k CPu, and n NAc, **Pௗ�ௗ����� DQG�

***Pௗ�ௗ������ f, i, l, o &LOLD�ZHUH�JURXSHG�E\�OHQJWK��ȝP��DQG�SORWWHG�DJDLQVW�WKH�QXPEHU�RI�FHOOV�

(%) in the f PFC, i CA1, l CPu, and o NAc 

 

Inactivation of the MCH System Increases Cilia Length in the Mouse Brain  

MCHR1 Antagonist Lengthens Cilia  

The administration of GW803430 via intraperitoneal injection in adult mice for 7 

consecutive days caused a significant increase in the cilia length in multiple brain regions, 

including the CA1 of the CA1, striatum, PFC, and NAc (Fig. 4.5a). Administration of GW803430 

FDXVHG�DQ�LQFUHDVH�LQ�FLOLD�OHQJWK�LQ�WKH�3)&�E\����������������ȝP�LQ�WKH�3)&�RI�WKH�DQLPDOV�

administered vehicle, n  ����FRPSDUHG�WR�������������ȝP�LQ�PLFH�WUHDWHG�ZLWK�*:��������n = 4, 

t = 5.646, P = 0.0013, unpaired t test) (Fig. 4.5b- d). GW803430 administration caused an increase 

LQ�FLOLD� OHQJWK� LQ� WKH�&$��E\������������������ȝP�LQ� WKH�DQLPDOV�DGPLQLVWHUHG�YHKLFOH�� n = 4, 
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FRPSDUHG�WR��������������ȝP�LQ�PLFH�WUHDWHG�ZLWK�*:��������n = 4, t = 3.4, P = 0.0145, unpaired 

t test) (Fig. 4.5e-g). The administration of GW803430 caused lengthening in cilia in the CPu by 

���������������ȝP��n ���FRPSDUHG�WR�������������ȝP�LQ�WKH�&3X�RI�WKH�DQLPDOV�DGPLQLVWHUHG�

vehicle, n = 4, t = 4.583, P = 0.0038, unpaired t test) (Fig. 4.5h-j). GW803430 increased cilia 

OHQJWK�LQ�WKH�1$F�E\�������������������ȝP�LQ�WKH�1$F�RI�WKH�DQLPDOV�DGPLQLVWHUHG�YHKLFOH��n = 

���FRPSDUHG�WR��������������ȝP�LQ�PLFH�WUHDWHG�ZLWK�*:��������n = 4, t = 5.992, P = 0.0010, 

unpaired t test (Fig. 4.5k- m). Administration of GW803430 resulted in no significant difference in 

cilia density per field in the PFC, CA1, CPu, and NAc.  
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Figure 4.5. Systemic administration of the GW803430 (MCHR1 antagonist) to mice 

increases cilia length.  

a. Schematic representation of systemic administration of GW803430 or vehicle for 7 consecutive 

days in adult mice. Diagram was created with BioRender.com 

webpage. b, e, h, k Immunostaining of ADCY3 labeled in red fluorescence in 

the b PFC, e CA1, h CPu, and k NAc in animals administered with GW803430 or vehicle (scale 

EDUௗ ௗ�� ȝP�� c, f, I, l 4XDQWLILFDWLRQ� RI� WKH� OHQJWK� RI� $'&<�ௗ�ௗSULPDU\� FLOLD� LQ�

the cPFC, f CA1, i CPu, and l NAc in animals administered with GW803430 or vehicle, *Pௗ�ௗ������

**Pௗ�ௗ������DQG�


Pௗ�ௗ������ d, g, j, P&LOLD�ZHUH�JURXSHG�E\�OHQJWK��ȝP� and plotted against the 

number of cells (%) in the d PFC, g CA1, j CPu, and m NAc 
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Cilia Length Is Increased in MCH and MCHR1 Deficit Mice  

To assess MCH-neuron ablation extent following DT injection into IDTR + PmchCre- and 

IDTR + Pmch- Cre- mice, MCH neurons were visualized and counted using rabbit polyclonal anti-

MCH antibody (Fig. 4.6a,b), and only mice that exhibited over 90% ablation of MCH neurons were 

used in the study. The conditional ablation of MCH neurons in adult mice (MCH-cKO) caused a 

significant increase in the cilia length in several regions of the brain including CA1, striatum, and 

PFC and NAc (Fig. 4.6a,b). In the PFC of MCH-cKO mice, cilia length increased by 19% (5.03 ± 

����� ȝP� LQ� ,'75� �� 3PFK- Cre- mice, n = 3, compared to 6.185 ± 0.04���� ȝP� LQ�

IDTR+PmchCre+mice, n=3 t=3.539, P=0.024, unpaired t test) (Fig. 4.6c-e). In the CA1 of IDTR + 

MCH- F.2�PLFH��FLOLD�OHQJWK�LQFUHDVHG�E\������������������ȝP�LQ�,'75���3PFK&UH- mice, n = 3, 

FRPSDUHG� WR�����������������ȝP� LQ� ,'75���3PFK&UH���PLFH��n = 3, t = 8.265, P = 0.0012, 

unpaired t test) (Fig. 4.6f-h). In the CPu of MCH-cKO mice, cilia length increased by 29% (5.242 

���������ȝP�,'75���3PFK&UH- mice, n = 3, com- pared to 7.373 ± 0.61���ȝP�LQ�,'75���3PFK&UH�

+ mice, n = 3 (t = 3.215, P = 0.0324, unpaired t test) (Fig. 4.6i-k). In the NAc of MCH-cKO mice, 

FLOLD�OHQJWK�LQFUHDVHG�E\���������������������ȝP�LQ�,'75���3PFK&UH- mice, n = 3, compared to 

���������������ȝP�LQ�,'75���3PFK- Cre + mice, n = 3 (t = 2.841, P = 0.0456, unpaired t test) 

(Fig. 4.6l-n). MCH-cKO mice resulted in a significant increase in cilia density per field in the CA1 

(t = 6.516, P = 0.0006) and the NAc (t = 5.047, P = 0.0023).  
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Figure 4.6. Cilia length is increased in MCH deficit mice.  

a Schematic representation of how the MCH cells are ablated through DTR. IDTR mice were 

crossed with PmchCre mice rendering offspring mice with Cre-expressing MCH neurons sensitive 

to DT. Diagram was created with BioRender.com webpage. b MCH immunoreactivity (GFP) in 

the lateral hypothalamus of IDTRPmchCre- DQG� ,'753PFK&UHௗ�ௗPLFH� IROORZLQJ� '7� LQMHFWLRQ�

�VFDOH� EDUௗ ௗ��� ȝP�� PDJQLILFDWLRQௗ ௗ��ௗî�� c, f, I, l Immunostaining of ADCY3 labeled in red 

fluorescence and counterstained ZLWK� '$3,� �EOXH�� LQ� ,'753PFKௗ�ௗDQG� ,'753PFK- mice in 

the c PFC, e CA1, g CPu, and i1$F� �VFDOH� EDUௗ ௗ�� ȝP��

PDJQLILFDWLRQௗ ௗ��ௗî�� d, g, j, m 4XDQWLILFDWLRQ� RI� FLOLD� OHQJWK� �ȝP�� LQ� WKH d PFC, f CA1, h CPu, 

and j NAc, *Pௗ�ௗ����� DQG� 

Pௗ�ௗ����� e, h, k, n &LOLD� ZHUH� JURXSHG� E\� OHQJWK� �ȝP�� DQG� SORWWHG�

against the number of cells (%) in the e PFC, hCA1, k CPu, and n NAc 

 

Germline deletion of MCHR1 in mice caused a significant increase in the cilia length in 

several brain regions, including CA1, CPu, PFC, and NAc. In the PFC of MCHR1 KO mice, there 

ZDV�DQ�LQFUHDVH�LQ�FLOLD�OHQJWK�E\��������������ȝP�LQ�:7�PLFH��n=4, com- pared to 6.50 ± 0.09 

ȝP�LQ�WKH�0&+5�.2�PLFH��n = 5, t = 20.15, P < 0.0001, unpaired t test) (Fig. 4.7a-c). In the CA1 

of the hippocampus of MC+5��.2�PLFH��FLOLD�ZHUH�����ORQJHU�WKDQ�LQ�:7�PLFH�������������ȝP�

in the CA1 of the WT mice, n  ����FRPSDUHG�WR������������ȝP������ȝP�LQ�WKH�0&+5�.2�PLFH��n 

= 5, t = 6.712, P = 0.0003, unpaired t test) (Fig. 4.7d-f). In the CPu of the MCHR1 KO mice, n = 

5, FLOLD�OHQJWK�LQFUHDVHG�E\����������������ȝP�FRPSDUHG�WR�����������ȝP�LQ�:7�PLFH��n = 4, t = 

3.952, P = 0.005, unpaired t test) (Fig. 4.7g-i). In the NAc of the MCHR1 KO mice, cilia length 

LQFUHDVHG�E\������������������ȝP�LQ�WKH�1$F�RI�WKH�:7�PLFH��n = 4, FRPSDUHG�WR��������������ȝ�

in MCHR1KO mice, n = 5, t = 4.434, P = 0.003, unpaired t test) (Fig. 4.7j-l). MCHR1KO mice 

caused a significant increase in cilia density per field in the CA1 (t = 3.884, P = 0.0081). 
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Figure 4.7. Cilia length is increased in MCHR1 knockout animals.  

Immunostaining of ADCY3 labeled in red fluorescence and counterstained with DAPI (blue) in 

the a PFC, d CA1, g CPu, and j 1$F� LQ� 0&+5�� .2� RU� :7� PLFH� �VFDOH� EDUௗ ௗ�� ȝP��

PDJQLILFDWLRQௗ ௗ��ௗîௗ� b, e, h, k Quantification of the length of ADCY3+ SULPDU\� FLOLD� �ȝP�� LQ�

the b PFC, e CA1, h CPu (CPu), and k NAc in MCHR1 KO or WT mice, **Pௗ�ௗ����� DQG�

***Pௗ�ௗ������ c, f, I, l &LOLD�ZHUH�JURXSHG�E\�OHQJWK��ȝP��DQG�SORWWHG�DJDLQVW�WKH�QXPEHU�RI�FHOOV�

(%) in the cPFC, f CA1, i CPu, and l NAc 
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Discussion 
 

In this study, we established the causal effects of MCH signaling pathways on cilia length. 

We first showed that MCH treatment causes cilia shortening in the striatal and cortical brain slice 

cultures. We then demonstrated that the stimulation of the MCH system through direct agonist 

activation of the MCHR1 or via optogenetic and chemogenic excitation of MCH neurons causes 

a significant decrease in cilia length. In contrast, the inactivation of the MCH system through 

pharmacological blockade of MCHR1 or genetic manipulation (MCHR1 germline deletion or MCH 

QHXURQV¶�FRQGLWLRQDO�DEODWLRQ��FDXVHV�D�VLJQLILFDQW�LQFUHDVH�LQ�FLOLD�OHQJWK�� 

MCHR1 is widely distributed throughout the brain, with high density in the CPu, NAc, CA1 

of the hippocampus, and the PFC [40, 68]. Therefore, we focused on these regions in examining 

the effects of MCH system activation and inactivation on cilia length. Consistent with previous 

reports, we found that cilia length differed among brain regions [11, 36, 43, 51, 74]. Interestingly, 

we also found that cilia length differs among mouse strains. This observation warrants further 

investigation to determine whether such variabilities in cilia length correlate with genotypic or 

phenotypic characteristics of these different strains.  

The various manipulation approaches allowed us to (1) recapitulate conditions used 

previously to substantiate MCH physiological functions; (2) differentiate between the effects of 

MCH neurons and MCHR1 manipulation; (3) distinguish the effects of acute versus chronic 

activation/inactivation of MCH system; and (4) determine the effects of early-life versus adult 

stage MCH system manipulations.  

The role of MCH in regulating a wide variety of physiological functions such as feeding, 

obesity, reward, and sleep has been established using pharmacological and genetic 

manipulations [19, 20, 30, 41, 73]. For example, central chronic infusions of MCH had long been 

shown to induce mild obesity in wild-type mice [32]. In contrast, subchronic administration of 

MCHR1 antagonists and MCHR1/MCH genetic deletion are known to produce anti-obesity effects 

in mice [31, 49]. The ciliopathy Bardet-Biedl syndrome (BBS) is characterized by obesity, and 
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mutations affecting the mouse orthologs of BBS- associated genes disrupt the localization of 

MCHR1 [9, 87]. Thus, failure of MCHR1 to reach the cilium could potentially be associated with 

failure in the MCHR1 signaling pathway in the cilia, leading to obesity in BBS [28, 77].  

Given that MCH neurons synthesize and release other neurotransmitters/neuropeptides, 

including gamma-aminobutyric acid (GABA), neuropeptide E-I (NEI), and neuropeptide G-E 

(NGE) [53, 61], it is important to distinguish the selective role of the activation of MCHR1 present 

on neuronal primary cilia from the activation or inactivation of MCH neurons releasing MCH or 

other neurotransmitter, in regulating primary cilia length. Hence, MCHR1 pharmacological 

activation by MCH intracerebral infusion, the blockade of the receptors by GW803430 systemic 

treatment and MCHR-1 germline deletion, allowed the exploration of the selective role of MCHR1. 

In parallel, optogenetic and DREADD stimulation of the MCH neurons and IDTR-dependent 

ablation of MCH neurons allowed for exploring the role of MCH neurons. Optogenetics and 

DREADD technologLHV�KDYH�DOVR�EHHQ�SUHYLRXVO\�XVHG�WR�H[SORUH�0&+�QHXURQV¶�UROH�LQ�VOHHS��

reward, and feeding [12, 25, 52].  

Previous reports demonstrated distinctive effects of acute versus chronic activations of 

MCH systems on body weight [72]. Therefore, we examined the effects of acute (optogenetic and 

chemogenetic stimulation) and chronic activations (MCH i.c.v. administration for 7 days) of the 

MCH system on cilia length. We previously showed that developmental and adulthood inactivation 

of the MCH system in mice leads to distinct behavioral deficits. For example, germline MCHR1 

deletion but not adult IDTR- dependent ablation of MCH neurons caused olfactory impairment 

and social deficits [83]. Therefore, we examined the effects of germline MCHR1 deletion and 

adulthood conditional MCH ablation on cilia length.  

Strikingly, we found that the different MCH system manipulations produced consistent 

patterns of alterations in cilia length. The activation of MCH system consistently shortened cilia 

length, while the inactivation of MCH system lengthened cilia length. The findings that both acute 

and chronic activation of MCH system shortened cilia length and that both early-life and adulthood 
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inactivation of the MCH system lengthened cilia substantiate the dynamic nature of the cilia 

V\VWHP� DQG� VXJJHVW� WKDW� FLOLD¶V� PRUSKRORJ\� XQGHUJRHV� UDSLG� FKDQJHV� LQ� UHVSRQVH� WR� LWV�

environment. Most importantly, our findings provide the first evidence for the direct and moment- 

to-moment regulation of the brain cilia structure by the MCH system.  

Unexpectedly, unilateral optogenetic stimulation of MCH neurons in the lateral 

hypothalamus caused bilateral shortening of cilia length in the PFC, CA1, CPu, and NAc. This 

finding may suggest that MCH neurons project ipsilaterally and contralaterally to these brain 

regions. Another explanation might be that MCH activation may produce ipsilateral modifications 

of other neurotransmitter systems, which may result in contralateral shortening of cilia length. It 

is well-established that MCH neurons innervate serotonergic neurons in the raphe nucleus and 

regulate the activity of these neurons [24, 78]. Indeed, specific MCH-regulated functions are 

mediated through the serotonin system [48, 79]. Thus, the activation of MCH neurons may 

regulate cilia indirectly through its interaction with the serotonin system. Interestingly, MCHR1 

and 5-HT6 are among the very few GPCRs that preferentially localize to primary cilia [6], and the 

inhibition of 5-HT6 receptors is known to shorten cilia length [16, 41]. Another possible explanation 

for the bilateral modifications of the cilia length could be that the stimulation of MCH neurons 

induces the release of MCH to the ventricular system, thus allowing MCH to reach distant targets 

via the cerebrospinal fluid causing cilia shortening throughout the brain [55, 76].  

While cilia shortening effects of MCH system activation is not unexpected, and is, indeed, 

consistent with previous in vitro studies, the effect of MCH signaling on cilia retraction is surprising. 

However, taking in consideration our threshold that was setup for measuring cilia length (> 0.5 

ȝP���LW�LV�SRVVLEOH�WKDW�0&+�V\VWHP�DFWLYDWLRQ�UHGXFHG�FLOLD�OHQJWK�WR�OHYHOV�WKDW�ZHUH�EHORZ�WKLV�

threshold.  

A possible mechanism for MCH-induced cilia shortening is through a Gi/o-dependent Akt 

pathway [36, 75]. The ciliary MCHR1-Gi/o pathway seems to result in a series of downstream 

signal cascades that lead to increasing the depolymerization of cytosolic tubulin, increasing 
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soluble tubulin levels in the cell body and increase actin filaments [36, 75]. A very recent study by 

Dr. Saito group demonstrated that the PDZ and LIM domain-containing protein 5 (PDLIM5) is the 

most important crucial factor in MCHR1-mediacted cilia shortening and discovered that the actin-

binding protein alpha-actinin 1/4 is the main downstream target of the PDLIM5 signaling path- 

way that mediate MCHR1-induced cilia shortening [26].  

Defects in the assembly such as cilia shortening have been shown to cause a range of 

severe diseases and developmental disorders called ciliopathies, which are associated with 

neurological deficits such as abnormal cortical formation and cognitive deficits [38, 66, 80]. We 

have recently shown that brain cilia genes were differentially expressed in major psychiatric 

disorders, including schizophrenia, autism spectrum disorder, depression, and bipolar disorder 

[3]. On the other hand, evidence from our own work and others strongly support an essential role 

for the MCH system, particularly MCHR1, in the pathophysiology of schizophrenia. We showed 

that MCHR1 mRNA is decreased in the PFC of patients with schizophrenia [83]. We also 

demonstrated that genetic manipulation of the MCH system via the deletion of MCHR1 and the 

conditional ablation of MCH neurons resulted in behavioral abnormalities mimicking 

schizophrenia-like phenotypes, including repetitive behavior, social impairment, impaired 

sensorimotor gating, and disrupted cognitive functions [84]. We also showed that MCHR1 

germline deletion causes alterations in depressive-like behavior that is sex-dependent [83]. These 

same genetic models were used in our current study to examine the consequences of this genetic 

manipulation on cilia length. In both IDTR + PmchCre + and MCHR1KO animals, we found a 

significant increase in cilia in all regions, including the PFC, CA1, CPu, and NAc. Our previous 

and current data may point to the role of ciliary MCHR1 in the pathophysiology of psychiatric 

disorders such as schizophrenia and depression. Together, our previous and current studies point 

at the cilia elongation as a possible mechanism through which MCH system dysregulation causes 

social and cognitive deficits in mice and is associated with psychiatric disorders in humans [3, 

83]. Our results also prompt the question on whether selective targeting of cilia MCHR1 might 
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offer a novel approach to treat psychiatric disorders. Indeed, studies have demonstrated that 

some pharmacological agents can alter cilia length. For example, lithium, a mood stabilizer that 

is used in treatment of bipolar disorder and acute mania, increases MCHR1-positive cilia length 

in several cell types, including neuronal cells, the dorsal striatum, and NAc [51].  

Since our analysis of cilia length was mainly based on the quantification of ADCY3 positive 

signals and not in MCHR-1 positive ones, and given that some brain cilia do not express MCHR1, 

further studies are needed to determine whether cilia length is regulated by MCH signaling in 

MCHR1-expressing neurons that have MCHR1-negative cilia. On the other hand, as our study 

was conducted on male mice, it is of particular importance to investigate the sex difference in cilia 

length as a response to MCH system manipulation particularly due to the sexually dimorphic 

expression of MCH in rodent brain [67]. Given the high dynamic nature of cilia, it would also be 

interesting to investigate whether the estrous cycle in female mice affects cilia morphology and 

length.  

Unexpectedly, we found that within the same strains, the vehicle-treated animals in the 

two pharmacological manipulations exhibited different cilia lengths. For example, the average cilia 

OHQJWK�ZDV�������������ȝP�LQ�WKH�&38�RI�DQLPDOV�WUHDWHG�ZLWK�WKH�YHKLFOH�RI�*:��������FRPSDUHG�

WR� ������ �� ���� ȝP� LQ� DQLPDOV� WUHDWHG� ZLWK� WKH� YHKLFOH� RI� 0&+��:KLOH� WKH� UHDVRQV� IRU� WKHVH�

differences in cilia lengths are not fully under- stood, this finding substantiates the well-established 

highly dynamic features of cilia structure and morphology [5, 7, 21, 42, 47, 54, 56, 57, 86]. Given 

that the control animals, despite being from the same sex, strain, and age, underwent different 

experimental procedures, the variability in cilia length among the control animals might be 

attributed to factors related to the experimental designs. Some of these factors might be (1) the 

composition of vehicles administered, (2) the route of administration, and (3) the exposure to 

stereotactic surgery and anesthetic agents. First, while the MCH vehicle was composed of 

phosphate-buffered saline with 0.2% bovine serum albumin, GW803430 dissolving vehicle was 

composed of 2% Tween 80 with acetic acid. Second, since MCH does not cross the blood±brain 
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barrier, intracerebroventricular route was used for direct injection of MCH into the cerebrospinal 

fluid in the ventricles. MCHR1 antagonist GW803430, on the other hand, was administered via 

intraperitoneal route. The vehicles and routes of administration were selected based on previously 

characterized pharmacological and behavioral profiles [1, 70]. Lastly, unlike the animals injected 

with GW803430, MCH-injected animals underwent stereotactic surgery for cannula implantation 

and had been administered isoflurane to induce anesthesia. These factors may have contributed 

to the variability in cilia lengths in the control animals, thus, further investigation is necessary to 

determine whether these effects are sufficient to influence changes in cilia length.  

In conclusion, our present study has established the causal regulatory effects of the MCH 

system signaling on cilia length. The findings of this study are significant because (1) they show 

for the first time in vivo that primary cilia length can be regulated by the MCH signaling, proving 

the link between GPCRs and cilia length regulation and (2) they implicate ciliary MCHR1 as a 

potential therapeutic target for the treatment of pathological conditions characterized by impaired 

cilia function.  
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Chapter 5: Cilia in the Striatum Mediate Timing-Dependent Function 
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Abstract 
 

Almost all brain cells contain cilia, antennae-like microtubule-based organelles. Yet, the 

significance of cilia, once considered vestigial organelles, in the higher-order brain functions is 

unknown. Cilia act as a hub that senses and transduces environmental sensory stimuli to 

generate an appropriate cellular response. Similarly, the striatum, a brain structure enriched in 

cilia, functions as a hub that receives and integrates various types of environmental information 

to drive appropriate motor response. To understand cilia's role in the striatum functions, we used 

loxP/Cre technology to ablate cilia from the dorsal striatum of male mice and monitored the 

behavioral consequences. Our results revealed an essential role for striatal cilia in the acquisition 

and brief storage of information, including learning new motor skills, but not in long-term 

consolidation of information or maintaining habitual/learned motor skills. A fundamental aspect of 

all disrupted functions was the "time perception/judgment deficit." Furthermore, the observed 

behavioral deficits form a cluster pertaining to clinical manifestations overlapping across 

psychiatric disorders that involve the striatum functions and are known to exhibit timing deficits. 

Thus, striatal cilia may act as a calibrator of the timing functions of the basal ganglia-cortical circuit 

by maintaining proper timing perception. Our findings suggest that dysfunctional cilia may 

contribute to the pathophysiology of neuro-psychiatric disorders, as related to deficits in timing 

perception. 
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Introduction 
 

Primary cilia, antennae-like microtubule-based organelles emanating from the cell 

surface, function as a signaling hub that senses environmental sensory stimuli and transduces 

them to generate appropriate cellular responses [1±4]. As an essential center for non-synaptic 

neuronal communications, cilia signaling is achieved through specific receptors and downstream 

SDWKZD\V¶�FRPSRQHQWV�VXFK�DV�WKH�6RQLF�+HGJHKRJ��6KK��VLJQDOLQJ�SDWKZD\��*-protein-coupled 

receptors (GPCRs), and ion channels [5±12].  

&LOLD¶V� G\namic structure, reflected by the vibrant length, morphology, and protein 

composition, allows cilia to quickly respond to environmental stimuli such as light, mechanical 

stimuli, pH, and chemical signals (signaling molecules, neurotransmitters, and nutrients) [13±19]. 

Although most ciliopathies are associated with cognitive impairments, cilia have only been 

scarcely investigated for their roles in higher- order cognitive functions [20±25]. We recently 

showed dys- UHJXODWLRQV�RI�JHQHV�DVVRFLDWHG�ZLWK�FLOLD¶V structural and functional components in 

four psychiatric disorders: schizophrenia, autism, bipolar disorder, and major depressive disorder 

[26]. Furthermore, many dysregulated cilia genes overlapped across these psychiatric disorders, 

indicating that commRQ� FLOLD� VLJQDOLQJ� SDWKZD\V¶� G\VIXQFWLRQV� PD\� XQGHUOLH� VRPH�

pathophysiological aspects of these psychiatric disorders.  

Like cilia, though at larger spatial and organizational scales, the striatum, which comprises 

the primary input station to the basal ganglia, functions as a hub receiving and integrating various 

environmental information, including contextual, motor, and reward [27±31]. Striatal neurons 

process the information and project to the output structures of the basal ganglia, substantia nigra 

pars reticulata (SNr)/medial globus pallidus (GPm) (for review [32±35]). The striatum is enriched 

in cilia [36, 37]. Furthermore, a number of cilia-associated GPCRs are expressed in the striatum 

(e.g., dopamine receptors, serotonin receptor 6 (5-HT6), melanin-concentrating hormone receptor 

1 (MCHR1), and the orphan receptors GPR88) [5±10, 38±56].  
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As a central part of cortico-basal ganglia-thalamic-cortico circuits, the striatum controls 

various executive functions, including motor movements, planning, decision-making, working 

memory, and attention [57±60]. Dysfunctions of cortico-basal ganglia-thalamic circuits are 

involved in several neurological and psychiatric (neuro-psychiatric) disorders such as attention-

deficit hyperactivity disorder (ADHD), Hunting- ton¶V� GLVHDVH� �+'��� 3DUNLQVRQ¶V�GLVHDVH� �3'���

schizophrenia (SCZ), autism spectrum disorder (ASD), Tourette syndrome (TS), and obsessive±

compulsive disorder (OCD) [61±76]. The overlap in clinical features of these disorders suggests 

common signaling pathways that may underlie some pathophysiological aspects of these neuro-

psychiatric disorders. Hence, it is tempting to ask whether cilia in the striatum mediate some of 

its functions and whether cilia are involved in psychiatric disorders associated with striatum 

dysfunctions.  

According to our recent study, the striatum was the only brain structure that shared 

rhythmic cilia genes with every other brain region studied [18]. The spatiotemporal expressions 

of circadian cilia genes in the basal ganglia-cortical neurons follow the same sequential order of 

this circuitry in controlling movement, though on different time scales. Therefore, this study aims 

to examine the behavioral consequences of cilia ablation in the striatum and explore whether 

abnormal striatal cilia are a unifying pathophysiological factor in striatum-associated 

neuropsychiatric disorders. For this purpose, we used the loxP/Cre conditional deletion system to 

selectively delete the intraflagellar transport (IFT88) gene, an essential factor for primary cilia 

formation, from the dorsal striatum. We then monitored the behavioral phenotypes resulting from 

striatal cilia ablation, focusing on neuropsychiatric phenotypes/manifestations of the striatum 

functional domains.  
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Materials and Methods 
Animals  

The IFT88fl mice possess loxP sites flanking exons 4-6 of the intraflagellar transport 88 

(IFT88) gene (Jackson Laboratories, #022,409). All experimental procedures were approved by 

the Institutional Animal Care and Use Committee of the University of California, Irvine, and were 

performed in compliance with national and institutional guidelines for the care and use of 

laboratory animals. The experimental design is illustrated in Fig. 5.1a. Only male mice were used 

in this study.  

Genotyping  

The genotyping protocol was provided by Jackson Laboratory (JAX). DNA was extracted 

from mice using the following protocol. One millimeter of the tip of the tail was cut and digested in 

lysis buffer along with proteinase K overnight followed by isopropanol to precipitate the DNA, and 

ethanol to wash the pellet, and finally dissolved in TE buffer. DNA concentration and purity were 

checked. The DNA was used for the following PCR reaction. The following primers were used 

)RUZDUG� �ƍ-*$&&$&&77777� $*&&7&&7*�� 5HYHUVH� �ƍ-AGGGAAGGGACTTAGGAA TGA. 

Amplification was performed using KAPA2GFast HotStart PCR kit (Roche Cat. No 07960930001). 

Touch- down cycling was performed and ran on a 1% agarose gel with the homozygous at ~ 410 

bp, heterozygous at 365 bp and ~ 410 bp, and wildtype at 365 bp.  

Stereotaxic Surgery  

Eight-week-old male Ift88fl mice were subjected to stereotaxic surgery along with wild-

type littermates. Mice were anesthetized with 2% isoflurane and mounted on the stereotaxic 

frame. The skin between the eyes and ears was shaved, and an incision was made to uncover 

WKH�VNXOO�DQG�UHYHDO�EUHJPD��$�VPDOO�KROH�ZDV�GULOOHG�ELODWHUDOO\��DQG�DOO�PLFH�UHFHLYHG�����ȝO�RI�

the adenovirus expressing Cre: AAV.CamKII.HI.GFP-Cre.WPRE.SV40 (titer 2.4 × 10^13 G.C./ml, 

serotype AAV9), which was bilaterally injected into the dorsal segment of the rostral striatum, at 

the stereotaxic coordinates anteroposterior at 1.3 mm, mediolateral at ± 1.3 mm, and dorsoventral 
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at 3.2 mm (Fig. 6.1b). AAV.CamKII.HI.GFP-Cre.WPRE.SV40 was a gift from James M. Wilson 

(Addgene viral prep # 105,551-AAV9 http://n2t.net/addgene:105551; RRID:Addgene_105551). 

The skin was sutured with silk non-absorbable sutures, and mice were allowed a week to recover 

before behavioral experiments. After the last behavioral experiment at approximately 16 weeks 

old, mice were perfused, and AAV infection was analyzed.  

Behavioral Experiments  

Two weeks after the surgery, mice were tested in a battery of behavioral paradigms in the 

following order (Fig. 5.1a): locomotion and stereotypy/open field, rotarod, grooming, social 

interaction and novelty, spontaneous T-maze alternation, novel object/location recognition, 

prepulse inhibition, forced swim, hot plate, and contextual fear conditioning. The sequence of 

specific assays spaced by 3±6 days inter-assay interval was adapted from previously published 

reports [77±79].  

Locomotor Activity Test and Open Field  

The locomotor activity and open field assays were carried out as we previously described 

[78]. The experiment is divided into two phases of a total of 90 min experiment, which is divided 

into 30 min acclimation and 60 min locomotor activity test [78]. Animals were placed in a 40 × 40 

cm locomotion chamber (Med Associates, Inc.), and their activity was logged every 5 min, over 

the assay duration using Activity Monitor 5 software (Med Associates, Inc.).  

Open field assay was carried out in the first 10 min after placing the mice into the chambers, and 

the distance traveled and activity time in the central and peripheral zones were recorded and 

analyzed using Activity Monitor 5 software.  

Rotarod Test  

In order to evaluate motor coordination, mice were subjected to the rotarod assay. Animals 

were placed on an elevated rotating rod divided into 5 lanes with trip plates below each lane to 

stop the timer when a subject falls. Each trial is 420 s with a starting speed at 4 RPM that continues 



 105 

to incrementally speed up to 60 RPM. Animals were subjected to 3 trials with 15 min between 

each trial. Data were analyzed based on latency and speed to fall over each trial.  

T-maze Spontaneous Alternation  

Mice were placed in the entrance at the base of the T-maze. Mice were acclimated at the 

base of the T-maze for 30 sec. After acclimation, the doors were opened, and animals were free 

to explore either the left or right arm of the maze. After a choice had been made, the door was 

closed, allowing the animal to explore the sidearm chosen for 30 sec. Mice were then returned to 

the maze base to start the subsequent trial. Eight total trials were carried out with 7 possible 

alternations, and the alternation percentage was calculated as 100x (number of alternations/7). 

The time taken to make the alter- nation decision was recorded as well.  

Self-Grooming Behavioral Assay  

Mice were placed in an empty cage for 20 min. They were first allowed to acclimate to the 

environment for 10 min and then were monitored for grooming activity for the last 10 min. Time 

spent grooming over the 10 min was recorded. Videos were recorded, and grooming was 

manually scored for grooming activities such as licking, face swiping, scratching, or nibbling. Each 

video was scored by three persons blinded to the animal genotype, and the average of the scores 

was recorded.  

Social Interaction and Social Novelty  

The 3-chamber box used for these assays is a rectangular plexiglass box consisting of a 

left, middle, and right chamber with removable doors, which separate the chambers. Empty mesh 

wire cups were placed in the middle of both the left and right chambers. In the social interaction 

assay, mice were allotted 5 min to explore the middle chamber. After 5 min, a control mouse of 

the same gender, age, and strain as the experimental mouse was placed inside one of the cups 

in either the right or left chamber. The doors were then removed, allowing the experimental mice 

to explore all three chambers for 10 min. The total time experimental mice spent inter- acting with 

both the empty cup and the control mouse cup was recorded.  
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Immediately following the social interaction assay, the social novelty assay began. The 

experimental mouse was returned to the middle chamber, and a new control mouse was placed 

underneath the empty cup. Doors were removed, and the experimental mouse was allotted 10 

min to explore all three chambers. The total time experimental mice spent interacting with the 

mouse from the social interaction assay and the novel mouse was recorded. ANY-maze software 

(Stoelting, Wood Dale, IL, USA) was used to record and analyze these interactions.  

Novel Object Recognition  

Novel object recognition (NOR) consists of a training and testing phase. All mice were 

handled for 1±2 min a day for 3 days prior to the training phase. Mice were then allowed to 

habituate to the experimental apparatus, a rectangular box for 3 consecutive days without the 

presence of objects. During the training phase, mice were exposed to two identical objects in the 

apparatus and allowed to explore for 10 min. After 24 h, mice were subjected to the testing phase, 

where they were allotted 5 min to explore the apparatus with the familiar object and a novel object. 

The total time each subject mouse spent interacting with both the familiar and novel object was 

recorded individually. ANY-maze software (Stoelting, Wood Dale, IL, USA) was used to document 

and analyze these interactions.  

Novel Location Recognition  

Novel location recognition (NLR) consists of the training and testing phase. All mice were 

handled for 1±2 min a day for 3 days prior to the training phase. Mice were then allowed to 

habituate to the experimental apparatus, a rectangular box for 3 consecutive days without the 

presence of objects. During the training phase, mice were exposed to two identical objects in the 

apparatus and allowed to explore for 10 min. After 24 h, mice were subjected to the testing phase, 

where one location of the object is moved. Mice were allotted 5 min to explore the apparatus with 

the familiar location and a novel location. The total time each subject mouse spent interacting with 

both the familiar and novel location was recorded individually. ANY-maze software (Stoelting, 

Wood Dale, IL, USA) was used to document and analyze these interactions.  
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Forced Swim  

Mice were placed in a cylinder containing water at 25 °C for 6 min. Mice were recorded, 

and following the assay, the last 4 min were scored and analyzed. The immobility time or time the 

mice spent floating was recorded. ANY- maze software was used to record and analyze immobility 

time (Stoelting Co.).  

Prepulse Inhibition  

Mice were habituated to the startle chambers for 5 min with 65 dB of background noise. 

The PPI sessions consisted of 5 trials, either no stimulus (65 dB), 3 prepulse (20-ms pre- pulse 

at 68 dB, 71 dB, or 77 dB, a 100-ms interstimulus interval, followed by a 40-ms duration startle 

stimulus at 120 dB. The amount of prepulse inhibition was calculated as a percentage score for 

each acoustic prepulse intensity: % PPI = 100 - ([(startle response for prepulse + pulse trials) / 

�VWDUWOH�UHVSRQVH�IRU�SXOVH�í�DORQH�WULDOV�@�;������� 

Hot Plate  

Mice were habituated to the hot plate with no heat to establish a baseline. Following the 

habituation, mice were subjected to a 52 °C hot plate, and were monitored for an initial response 

of either a rear paw lift, paw shake, or paw lick in response to the heat or once the cutoff time was 

reached. Once the initial response was seen, the time was recorded, and animals were returned 

to their home cage. 

Contextual Fear Conditioning  

This assay consists of a training and a testing session 24 h following the training session. 

On day 1, mice were placed in the conditioning chamber for 3 min, received a 2-s 0.7 mA foot 

shock at 2.5 min, and were placed back into their home cage on day 2, animals were returned to 

the same chamber for 5 min without shock. Freezing behavior was measured pre- and post-shock 

sessions and was scored as freezing (1) or not (0) within a 5-s interval and calculated as 100x 

(the number of intervals of freezing / total intervals).  
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Immunohistochemistry  

Ninety minutes after the fear conditioning assay, mice were anesthetized with isoflurane 

and transcardially perfused with saline and 4% paraformaldehyde (PFA). Brains were harvested, 

NHSW�LQ�3)$�RYHUQLJKW��DQG�VZLWFKHG�WR�����VXFURVH��%UDLQV�ZHUH�FRURQDOO\�VHFWLRQHG�DW����ȝP�

using a microtome. Using the Allen Brain Atlas, 3±4 sections were selected from specific regions 

of interest. Sections were blocked with goat serum in PBS with 0.3% Triton X-100 for 1 h. Next, 

brain sections were incubated in blocking buffer with the primary antibody, either cFos, 1:500 

(Abcam cFos ab190289 Rb pAb to cFos Lot#: GR339395) or ADCY3, 1:500 (LSBIO-C204505 

ADCY3 Lot#: 193037). Following the primary antibody incubation, sections were washed with 

PBS and then incubated with the secondary antibody, 1:500 (Invitrogen AlexaFluor546 goat anti-

rabbit ref: A101035 Lot: 2,273,730), and DAPI, 1:10,000 (Thermo Scientific Ref: 62,248 Lot: 

WF3296471). Sections were washed with PBS and mounted on slides. Images were carried out 

using the Leica SP8 confocal microscope with a 63 × objective lens (UCI optical biology core 

facility) for visualizing cilia, and Keyence BZ-9000 microscope with a 10x objective lens for 

visualizing cFos positive neurons.  

Image Analysis  

cFos positive neurons and ADCY3 were counted bilaterally, and the mean of the three 

sections per 4±6 brains was calculated. All image analysis and cell counts were performed in Fiji 

(ImageJ). Automatic particle quantification and analysis methods were used for counting cFos 

labeled neurons. Briefly, images were opened in Fiji, and color channels were split into the 

appropriate color. Color images were then converted to grayscale. All regions were defined with 

specific dimensions across all images for cohesiveness. Once in gray- scale, a threshold was set 

to highlight fluorescent particles and create a binary image. The "analyze particle" function was 

used to select the size of particles and set the circularity of the particles. Cilia length was 

measured using the line measurement tools in Fiji, and the length unit was converted from pixels 

to micron.  
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Statistical Analysis  

GraphPad Prism (GraphPad Software, Inc.) was employed to perform statistical analysis. 

Data were presented as means ± S.E.M. Results were analyzed using student t-test or ANOVA 

followed by the appropriate post hoc comparisons, and P < 0.05 was considered statistically 

significant.  
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Results 

Selective Deletion of Cilia in the Striatum  

To examine the physiological role of primary cilia in the striatum, we used the conditional 

deletion system and disrupted intraflagellar transport (IFT) machinery by deleting the Ift88 gene. 

Stereotactic infusion of IFT88fl/fl mice with AAV.CamKII.HI.GFP-Cre into the striatum (Bregma 

level 1.3 mm, ± 1.3 mm, 3.2 mm) resulted in mice with primary cilia deficiency exclusively in the 

dorsal part of the rostral striatum (Fig. 5.1b).  

Cilia deletion from the dorsal-rostral striatum did not affect the number of striatal neurons, 

indicating that the dorsal-rostral striatum of IFT88-KO mice is intact, and the neurons were viable. 

Next, we performed a coexpression analysis of primary cilia with GFP-Cre via 

immunohistochemistry, using an antibody against ADCY3, a well-known marker of primary cilia. 

While the numbers of neurons expressing primary cilia and the cilia length were comparable in 

caudal striatum and nucleus accumbens between the control and IFT88-KO mice, these numbers 

were markedly reduced in the dorsal-rostral striatum of IFT88-KO mice (Fig. 5.1c±j). Furthermore, 

comparable body weights and normal response to nociceptive stimulus (hot plate) confirmed that 

the IFT88-KO mice have normal gross growth and well-being (Fig. 5.1k, l).  
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Figure 5.1. SeleFWLYH�FLOLD�GHOHWLRQ�LQ�WKH�VWULDWXP�DQG�FRQILUPDWLRQ�RI�PLFH¶V�QRUPDO�JURVV�

growth and well-being.  

a Schematic view of experimental design and behavior assays performed and their sequence. 

Diagram was created with the BioRender.com webpage. b Schematic showing bilateral viral 

injection into the dorsal striatum. c and d Verification of cilia removal in ciliated neurons of the 

VWULDWXP�XVLQJ�LPPXQRVWDLQLQJ�RI�$'&<���6FDOH�EDUௗ ௗ�� ȝP� c Representative images of ADCY3 

immunostaining showing the intact cilia in the control mice and the conditional ablation of cilia in 

the dorsal striatum neurons of Ift88fl mice (counterstained with DAPI, blue); d Quantification of the 

ciliated cells in the rostral-dorsal striatum (nௗ ௗ�� FRQWURO�� �� ,)7��-KO). Unpaired t-test 

(tௗ ௗ������ Pௗ�ௗ�������� 



Pௗ�ௗ�������� 'DWD� DUH� SUHVHQWHG� DV� PHDQVௗ�ௗ6�(�0�� 6FDOH�

EDUௗ ௗ�� ȝP� e±g ADCY3 immunostaining in the caudal striatum. e Representative images of 

ADCY3 immunostaining in the caudal striatum showing that the selective removal of cilia from the 

dorsal rostral striatum does not affect f the number of ciliated cells (tௗ ௗ����� Pௗ!ௗ������RU g the cilia 

length (tௗ ௗ����� Pௗ!ௗ����� nௗ ௗ��� LQ� WKH� FDXGDO� VWULDWXP�� 6FDOH� EDUௗ ௗ�� ȝP� h±j ADCY3 

immunostaining in the ventral striatum (nucleus accumbens). h Representative images of ADCY3 

immunostaining in the ventral striatum showing that the selective removal of cilia from the rostral 

striatum does not affect i the number of ciliated neurons (tௗ ௗ����� Pௗ!ௗ������RU j the cilia length 

(tௗ=ௗ0.08, Pௗ!ௗ����� nௗ ௗ��� LQ� WKH�YHQWUDO�VWULDWXP��6FDOH�EDUௗ ௗ�� ȝP� k Effect of cilia removal on 
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body weight to confirm normal gross growth (nௗ ௗ�� FRQWURO�� �� ,)7��-KO). Unpaired t-test 

(tௗ ௗ������� Pௗ ௗ��������UHYHDOHG�QR�VLJQLILFDQW�GLIIHUHQFH in body weight. ns, not significant. Data 

DUH� SUHVHQWHG� DV� PHDQVௗ�ௗ6�(�0� l Verification of well-being (nௗ ௗ�� FRQWURO�� �� ,)7��-KO). 

Unpaired t-test (tௗ ௗ������� Pௗ ௗ��������VKRZHG�QRUPDO�UHVSRQVH�WR�QRFLFHSWLYH�VWLPXOXV��QV��QRW�

significant. Data are presented as meaQVௗ�ௗ6�(�0 

Primary Cilia in the Striatum Are Required to Maintain Normal Motor Coordination But Not 

the Spontaneous Motor Activity  

Although the striatum is identified as a brain site for motor control timing, it is unknown 

whether striatum primary cilia play a role in regulating motor functions. To address this question, 

spontaneous motor activity and motor coordination were monitored in IFT88-KO mice. After the 

habituation period, IFT88-KO mice displayed similar locomotor activity to the control mice, 

measured by distance traveled (Fig. 5.2a, b). However, the locomotor activity in the first 10 min 

after placing mice into the open box was significantly lower in the IFT88-KO than in the control 

mice. In addition, IFT88-KO mice showed a reduced latency to fall and a lower rotation speed at 

which they fall in the rotarod test (Fig. 5.2c, d), indicating an impairment of motor coordination in 

the IFT88- KO mice. This may also be interpreted as impairment of procedural learning as trial 1 

shows IFT88-KO mice just as coordinated as the control mice.  

Ablation of Primary Cilia in the Striatum Increases Repetitive Behavior and Impairs 

Sensorimotor Gating  

The IFT88-KO mice showed a higher level of compulsive grooming than the control mice 

(Fig. 5.2e), indicating an enhanced compulsive, repetitive behavior in these animals. Grooming 

was measured as the time mice spent face swiping, paw licking, rubbing of the head and ears, 

and cleaning the entire body. IFT88-KO mice also exhibited reduced values of prepulse inhibition 

of the startle reaction at 71 dB and 77 dB prepulses, as well as the average prepulse, although 

the startle reactions were comparable to those in the control mice (Fig. 5.2f, g). The average PPI 
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value was also lower in IFT88-KO mice than the control ones. These results indicate that ablation 

of cilia in the striatum causes a deficit in sensorimotor gating without affecting the startle reaction.  

 

Figure 5.2. Primary cilia ablation in the striatum affects motor and sensorimotor-related 

behaviors.  

a Distance traveled in the last 60 min of the locomotor assay (nௗ ௗ��FRQWURO����,)7��-KO). Two-

way ANOVA (F(11, 144)ௗ ௗ������� Pௗ!ௗ������ IROORZHG� E\� %RQIHUURQL¶V� SRVW� KRF� WHVW� VKRZHG� WKDW�

IFT88-KO mice displayed similar locomotor activity to the control mice; ns, not significant. b Total 

locomotor activity in the locomotor assay. Unpaired t-test (tௗ ௗ������� Pௗ ௗ��������� QV�� QRW�

VLJQLILFDQW��'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� c and dMotor skill learning on the accelerated 

rotarod. c Speed to fall in rotarod assay (nௗ ௗ���� 7ZR-way ANOVA (cilia removal factor: 

F(1,42)ௗ ௗ������ Pௗ ௗ��������WULDO�IDFWRU�)(2,42)ௗ ௗ������ Pௗ!ௗ������IROORZHG�E\�%RQIHUURQL�SRVW�KRF�WHVW��

IFT88-KO vs control, **Pௗ�ௗ������� 'DWD� DUH� SUHVHQWHG� DV�PHDQVௗ�ௗ6�(�0� d Latency to fall in 

rotarod assay (nௗ ௗ����7ZR-way ANOVA (cilia removal factor: F(1,42)ௗ ௗ������ Pௗ ௗ��������WULDO�IDFWRU��
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F(2,42)ௗ ௗ����� Pௗ!ௗ������ IROORZHG�E\�%RQIHUURQL�SRVW�KRF� WHVW�� ,)7��-KO vs control, ***Pௗ�ௗ�������

'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� e Repetitive behavior in grooming behavior assays (nௗ ௗ��

control, 6 IFT88-KO), unpaired t-test (tௗ ௗ������ Pௗ ௗ��������� ,)7��-KO vs control. Data are 

SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� f and g Performance of mice in PPI assay. f Startle reactivity in 

prepulse inhibition assay (nௗ ௗ���� unpaired t-test (tௗ ௗ������ Pௗ ௗ��������� QV�� QRW�

significant. gPrepulse inhibition in PPI assay (nௗ ௗ���� WZR-way ANOVA (cilia removal factor: 

F(1,56)ௗ ௗ������ Pௗ�ௗ��������SUHSXOVH�LQWHQVLW\�IDFWRU��)(3,56)ௗ ௗ������ Pௗ�ௗ���������FRQWURO�YV�,)7��-

KO, **Pௗ�ௗ�.01, ***P < 0.001, ****P ����������'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� 

 
Primary Cilia in the Striatum Are Not Involved in Anxiety, Sociability, and Depressive-Like 

Behaviors  

To test whether cilia ablation affects anxiety-like behavior, we used open field assay, 

which is based on the assumption that mice placed in a new environment tend to avoid open 

space and, therefore, spend more time in the peripheral than central arenas. Cilia ablation did not 

affect anxiety-like behavior, revealed by the longer times spent in the peripheral than central 

arenas in IFT88-KO mice, which were comparable to those in the control mice (Fig. 5.3a). 

Although the total distance and the distance traveled in the peripheral zone were significantly 

lower in the IFT88-KO mice than the control mice (Fig. 5.3b, c), this does not indicate an altered 

anxiety-related behavior; rather, it reflects a slower response to the new environment. The 

immobility time in the forced swim test, which measures helplessness behavior, was similar in the 

control and IFT88-KO mice (Fig. 5.3d). Furthermore, IFT88-KO mice showed normal social 

behavior, revealed by spending significantly more time with a stranger mouse than an empty cup 

(Fig. 5.3e, f). These results indicate that cilia ablation in the striatum does not affect anxiety, 

sociability, and depressive-like behavior.  
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Figure 5.3. Primary cilia removal in the dorsal striatum does not affect anxiety, sociability, 

and depressive-like behaviors. 

a Time spent in central vs time in peripheral zones in open field assay (nௗ ௗ��FRQWURO����,)7��-KO), 

two-way ANOVA (cilia removal factor: F(1,24)ௗ ௗ����� Pௗ!ௗ������� ]RQH� IDFWRU��

F(1,24)ௗ ௗ������ Pௗ�ௗ�������� IROORZHG� E\� %RQIHUURQL� SRVW hoc test. ****Pௗ�ௗ�������� 'DWD� DUH�

SUHVHQWHG� DV� PHDQVௗ�ௗ6�(�0� b Total distance traveled in open field assay, unpaired t-test 

(tௗ ௗ������ Pௗ ௗ��������� ,)7��-KO vs control, **Pௗ�ௗ������ 'DWD� DUH� SUHVHQWHG� DV�

PHDQVௗ�ௗ6�(�0� c Distance traveled in central vs time in peripheral zones in open field assay 

(nௗ ௗ��FRQWURO����,)7��-KO), two-way ANOVA (cilia removal factor: F(1,24) = 21.1, Pௗ ௗ��������]RQH�

factor: F(1,24) = 68.31, Pௗ�ௗ���������IROORZHG�E\�%RQIHUURQL�SRVW�KRF�WHVW��



Pௗ�ௗ������� e Social 
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interaction (nௗ ௗ���� WZR-way ANOVA (cup factor: F(1,28)ௗ ௗ������ Pௗ�ௗ�������� FLOLD� UHPRYDO� IDFWRU��

F(1,28) = 2.28, Pௗ ௗ���������(PSW\�FXS�YV�VWUDQJHU�PRXVH��

Pௗ�ௗ��������'DWD�DUH�SUHVHQWHG�DV�

PHDQVௗ�ௗ6�(�0� f Social interaction discrimination index, unpaired t-test (tௗ ௗ������� Pௗ ௗ���������

control vs IFT88-.2��QV��QRW�VLJQLILFDQW��'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0 

 
Primary Cilia in the Striatum Are Required for Spatial Working Memory But Not Other 

Memory Types  

We examined the effects of cilia ablation in the striatum on different types of memories, 

including spatial working memory, social recognition memory, object recognition memory, spatial 

memory (location recognition), and con- textual memory. Spatial working memory was tested in 

the T-maze paradigm, which is EDVHG�RQ�WKH�PLFH¶�WHQGHQF\�WR�UHSHDWHGO\�DOWHUQDWH�EHWZHHQ�WKH�

right and left arms in order to optimize their navigation of their environment [80]. The short-term 

social memory (social recognition) was tested using the three-chamber assay, which is based on 

the instinctive tendency of mice to investigate and spend more time with unfamiliar social subjects 

(strange mouse) than familiar ones [81]. Long-term memory formation involves encoding, short-

term memory consolidation (storage), and long-term memory reconsolidation and retrieval [82] 

and is usually tested in mice 24 h after conditioning [71].  

The spatial working memory was significantly impaired in the IFT88-KO mice, revealed by 

the higher incorrect choices in these mice than in the control mice (Fig. 5.4a). Associated with 

working memory impairment in IFT88-KO, the latency for decision-making was significantly longer 

in these mice compared with the control mice (Fig. 5.4b). Interestingly, while the ablation of 

primary cilia in the striatum did not affect social behavior, it caused an impairment in social 

recognition memory (Fig. 5.4c, d), as reflected by the similar time IFT88-KO mice spent with the 

old and new stranger mice.  

Ablation of primary cilia in the striatum did not affect the object recognition memory, as 

evidenced by the more time mice spent with the novel object than the old object (Fig. 5.4e, f). 
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Similarly, in the novel location recognition assay, IFT88- KO spent more time with the novel 

location than the old location (Fig. 5.4g, h), indicating a normal spatial memory. In addition, the 

contextual memory, measured using the fear conditioning test, was intact in the IFT88-KO mice, 

as revealed by the similar freezing time on the test day compared with the control mice (Fig. 5.4i).  
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Figure 5.4. Primary cilia in the striatum are required for spatial working memory but not 

other memories.  

a Spatial working memory alteration percentage in T-maze (nௗ ௗ�� FRQWURO�� �� ,)7��-KO), 

unpaired t-test (tௗ ௗ������ Pௗ�ௗ���������FRQWURO�YV�,)7��-KO, ****Pௗ�ௗ������� bDecision latency in 

T-maze test (nௗ ௗ��FRQWURO����,)7��-KO), unpaired t-test (tௗ ௗ������ Pௗ ௗ���������FRQWURO�YV�,)7��-

KO, ***Pௗ�ௗ������ c social novelty recognition (nௗ ௗ���� WZR-way ANOVA (cilia removal factor: 

F(1,28)ௗ ௗ������ Pௗ ௗ��������QRYHO�PRXVH� IDFWRU�� �)(1,28), Pௗ ௗ��������� IROORZHG�E\�%RQIHUURQL�SRVW�

hoc test: old mouse vs new mouse, **Pௗ�ௗ����� QV�� QRW� VLJQLILFDQW�� 'DWD� DUH� SUHVHQWHG� DV�

PHDQVௗ�ௗ6�(�0� d Discrimination index in social novelty recognition (nௗ ௗ���� XQSDLUHG t-test 

(tௗ ௗ������ Pௗ ௗ���������FRQWURO�YV� ,)7��-KO, **Pௗ�ௗ����� e Novel object recognition (nௗ ௗ���� WZR-
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way ANOVA (object factor: F(1,28)ௗ ௗ������ Pௗ�ௗ�������� FLOLD� UHPRYDO� IDFWRU��

F(1,28)ௗ ௗ�������� Pௗ ௗ���������ROG�REMHFW�YV�QHZ�REMHFW��
Pௗ�ௗ������

Pௗ<ௗ0.01. Data are presented 

DV� PHDQVௗ�ௗ6�(�0� f Discrimination index in novel object recognition (nௗ ௗ���� XQSDLUHG t-test 

(tௗ ௗ����� Pௗ ௗ������� FRQWURO� YV� ,)7��-KO, ns, not significant. Data are presented as 

PHDQVௗ�ௗ6�(�0� g Novel location recognition (nௗ ௗ�), two-way ANOVA (object factor: 

F(1,28)ௗ ௗ������ Pௗ�ௗ�������� FLOLD� UHPRYDO� IDFWRU�� )(1,28)ௗ ௗ������� Pௗ ௗ��������� 
Pௗ�ௗ������

**Pௗ�ௗ����� h Discrimination index in novel location recognition (nௗ ௗ���� XQSDLUHG t-test 

(tௗ ௗ����� Pௗ ௗ�������FRQWURO�YV�,)7��-KO, ns, not significant. i Fear conditioning (nௗ ௗ����WZR-way 

ANOVA (Pௗ!ௗ������IROORZHG�E\�%RQIHUURQL�SRVW�KRF�WHVW��FRQWURO�YV��,)7��-KO. ns, not significant. 

'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0 

 
Neural Activity Is Changed in Striatal Input and Output Nuclei Pathways  

The expression of the immediate-early gene cFos was used as a molecular marker of 

neural activity. We examined cFos immunoreactivity (number of cFos-positive cells) in structures 

that are parts of striatal circuits and those known to project to or receive projections from the 

striatum (Fig. 5.5a, b). First, the rostral dorsal striatum, but not the caudal striatum of IFT88-KO 

mice, exhibited a significant decrease of cFos immunoreactivity (Fig. 5.5c, d). Within the basal 

ganglia circuit, there was a trend for cFos immunoreactivity reductions in the output regions (SNr 

and the GPm), but not in the nuclei of the indirect pathway structures (lateral globus pallidus and 

subthalamic nucleus) (Fig. 5.5c, d). The main input regions to the striatum include the 

dopaminergic neurons of the substantia nigra pars compact (SNc) and the glutamatergic neurons 

of the cortices. While IFT88-KO mice exhibited significant decreases in cFos immunoreactivity in 

several cortices, including the prefrontal cortex, primary motor area, secondary motor area, and 

somatosensory area, there was a trend for cFos decrease in the SNc, albeit not significant (Fig. 

5.5c, d).  
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Figure 5.5. Effects of cilia removal in the dorsal striatum on cFos expression in the 

striatum, its input and output structures. 

a Schematic view of neuronal circuits in mice brain. Amy, amygdala; CTX, cortex; GPL, lateral 

globus pallidus; GPm, medial globus pallidus; Hipp, hippocampus; Hyp, hypothalamus; SNc, 

substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; 

STR, striatum; THA, thalamus; VTN, ventral tegmental area. Diagram was created with the 

BioRender.com webpage. bcFos immunostaining in four levels of the mouse 

brain. c Representative images of cFos immunostaining in the striatum and its input and output 

structures: striatum (STR), substantia nigra pars compacta (SNc), substantia nigra pars reticulata 

(SNr), lateral globus pallidus (GPl), medial globus pallidus (GPm), subthalamic nucleus (STN), 

prefrontal cortex (PFC), primary motor cortex (PMC), secondary motor cortex (SMC), primary 

VRPDWRVHQVRU\�DUHD��366$���6FDOH�EDUௗ ௗ�� ȝP� d Quantification of the cFos-positive cells in the 

control and IFT88-KO mice. Two-way ANOVA, control vs IFT88-KO (F(1,88)ௗ ௗ������ Pௗ�ௗ���������

*Pௗ�ௗ������ 

Pௗ�ௗ����� ***P < 0.001, ****Pௗ�ௗ�������� QV�� QRW� VLJQLILFDQW�� 'DWD� DUH� SUHVHQWHG� DV�

PHDQVௗ�ௗ6�(�0� nௗ ௗ��VHFWLRQV�RI���PLce per group 
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Discussion 

In this study, we examined the role of cilia in the striatum using a selective conditional 

deletion system. Our data provide the first evidence for the essential role of striatal primary cilia 

in specific functions of the striatum, namely, sensorimotor and executive functions.  

Methodological Considerations  

To examine whether striatal cilia mediate some of the striatum functional domains, we 

used loxP/Cre technology to selectively delete IFT88, an essential protein for cilia genesis, from 

the dorsal striatum. The deletion of IFT88 resulted in cilia ablation in the dorsal striatum, as 

evidenced by the profound decrease in ADCY3-immunostaining. We monitored the behavioral 

phenotypes resulting from 

striatal cilia ablation, focusing on neuropsychiatric phenotypes related to three striatum functional 

domains: the sensorimotor, associative, and limbic domains. The sensorimotor domain is 

essential for habitual behaviors that are automatically evoked, whereas the associative (cognitive) 

domain is responsible for driving consciously formed actions and goal- directed behaviors. The 

dorsal striatum mediates these two functional domains, whereas the limbic domain, associated 

with motivational and affective behaviors, is sited in the ventral striatum (nucleus accumbens in 

rodents) [83±88].  

Cilia in the Dorsal Striatum Are Necessary for Sensorimotor Learning and Execution of 

Goal-Directed Behaviors, But Not Affective Behaviors  

Cilia ablation from the dorsal striatum did not affect spontaneous motor in mice, evidenced 

by the normal locomotor activity in the IFT88-KO mice. However, motor activity was lower in 

IFT88-KO directly after placing them into the open field apparatus, indicating that their reactions 

to a new environment are diminished. Interestingly, the performance of cilia-ablated mice in the 

first trial of the rotarod assay was comparable to that of the control mice, indicating that cilia-

ablated mice can walk normally on the rotarod. In contrast to the control group, however, in the 

second and third trials, cilia-DEODWHG� PLFH¶� SHUIRUPDQFH� QRW� RQO\� GLG� QRW� LPSURYH� EXW� DOVR�
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worsened. The proper performance in rotarod assay reflects motor coordination and learning, 

which are dependent on striatal function in processing and integrating new sensory information 

and coordinating the time sequence of motor response [89±92]. Our findings indicate an essential 

role for striatal cilia in acquiring new motor skills learning, but not in maintaining habitual or already 

learned motor skills. While we cannot make a concrete conclusion on whether this function of cilia 

is mediated through processing and integrating new sensory information or by coordinating the 

time sequence of motor response, we speculate that cilia might be involved in both mechanisms.  

In support of this assumption, we found that cilia ablation in the striatum impaired 

sensorimotor gating, as revealed by the reduced PPI levels [93]. Sensorimotor gating, a largely 

striatum-thalamus-dependent phenomenon, represents the ability of the brain to respond to a 

sensory stimulus by sup- pressing a motor response. Through this mechanism, the brain filters 

irrelevant sensory information input, prior processing and transmitting to motor output systems. 

The PPI deficits in cilia-ablated mice further support an essential role for cilia in the sensorimotor 

integration process and motor executing actions.  

The role of cilia in sensorimotor functions is further evidenced by our finding that cilia-

ablated mice exhibited excessive repetitive behavior, revealed by increased self-grooming. 

Repetitive behaviors result from excessive automatized actions or exaggerations of habitual 

behaviors, for which the dorsal striatum plays an essential role [94±96]. Our results, thus, indicate 

that these actions of the dorsolateral striatum are mediated through its primary cilia. One 

important question posed by our findings is whether the failure of acquiring new motor skills in 

cilia-ablated mice is causally correlated with their enhanced repetitive behavior. Robust evidence, 

lending a premise to this posit, is that repetitive behaviors arise from the inflexibility in switching 

and transitioning between habitual and novel motor behavioral patterns [97±99]. Accordingly, cilia 

may provide an adaptation mechanism that adjusts the transition of habitual behaviors to 

repetitive behaviors.  
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We tested the effects of cilia ablation in the striatum on the three types of memory: working 

memory, short-term memory, and long-term memory. Our results reveal that striatal cilia ablation 

impairs spatial working memory and short-term social memory and delays decision and task 

execution in the working memory test but does not affect any long-term memory types.  

Working memory encodes and stores information in its temporal context and permits its 

further manipulation to guide decision-making and behavior execution [100, 101]. The dorsal 

striatum is involved in the initial storage of temporal information in working memory, and 

dysfunctions of the striatum or dopaminergic projections to the striatum are known to impair the 

execution of working memory [102±104]. The striatum also plays an essential role in social 

recognition, in which different sensory cues are acquired for coding social information [105±107]. 

Taken together, our results indicate that cilia in the striatum are essential for initial acquisition and 

brief storage of information but not for its long-term consolidation or retrieval. Our results also 

suggest that cilia are key components of brain networks for action selection and timing of the 

decision process. Previous studies have shown that cilia removal from the hippocampus and 

cortex resulted in deficits in fear conditioning memory [23, 108]. However, our finding of the lack 

of an impact of cilia loss from the rostral striatum on the contextual fear memory does not seem 

to contradict with these previous results, since the hippocampus and cortex rather than the 

striatum are known to be involved in contextual fear memory formation.  

Dorsal Striatal Cilia Ablation Does Not Affect Limbic Functional Domains  

Cilia ablation in the dorsal striatum did not impair motivational and affective functions, as 

revealed by the normal sociability, anxiety, nociception, and depressive-like behaviors in the cilia-

ablated mice. These results are interesting, though not surprising, given that the dorsal striatum 

has a minor role in these functions compared with the ventral striatum (nucleus accumbens in 

rodents), which is the main site for limbic functional domains [109±111].  
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Striatal Cilia Ablation Alters Neuronal Activities in Striatum Input Structures  

Associated with the behavioral phenotype induced by striatal cilia ablation, cFos 

expression, as a marker for neural activity, was altered in the dorsal striatum itself and in the 

cortical structures that project to the dorsal striatum, including nuclei of sensorimotor and 

associative cortical-basal ganglia-thalamic-cortical circuits. The striatum receives projections from 

the cortex, thalamus, and SNc [28, 31, 112], and its neurons project to the outputs of the basal 

ganglia SNr/GPm via the direct and indirect pathways via GPl and the sub- thalamic nucleus 

(STN) (for review [32±35]). The primary motor cortex is responsible for generating the signals that 

control movement execution, whereas the secondary motor areas control motor planning. The 

thalamus, a main output target of the basal ganglia, is under the inhibitory (GABAergic) tone of 

the SNr and GPm, and in its turn projects, using glutamate transmitter, back to the cortex [113±

116]. On the other hand, the dopaminergic neurons of the SNc project to the striatum, stimulating 

the direct pathway through D1 receptors and inhibiting the indirect pathway via D2 receptors. 

Surprisingly, none of the basal ganglia structures that receive projections from the striatum 

showed altered cFos expression. This finding is interesting and, together with the finding of 

decreased cFos in the cortical regions, indicates that cilia removal from the striatum decreases 

the activity of presynaptic neurons projecting to the striatum more than neurons that receive 

projections from the cilia-ablated neurons. It is noteworthy, however, that cFos expression was 

analyzed in mice' brains 90 min after the fear conditioning retrieval test. Given that cilia-ablated 

mice showed normal performance in this assay, the profound changes in cFos expressions in 

several brain regions suggest that striatal cilia ablation caused alteration in the constitutive cFos 

levels [117, 118].  

Striatal Cilia as a Modulator of Timing Perception  

An interesting observation made of the reconciliation of our results is that the disrupted 

functions in striatum cilia-ablated mice share a common funGDPHQWDO� DVSHFW�� ³LPSDLUHG� WLPH�

SHUFHSWLRQ�´� L�H��� ORVLQJ� WKH� DELOLW\� RI� TXLFN� DQG� WLPHO\� DGMXVWPHQW� RI� EHKDYLRU� LQ� UHVSRQVH� WR�
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changing environmental cues and, thus, failing to maintain appropriate, goal-directed motor 

response [119]. Time perception is embedded in the processing and integration of environmental 

sensory information and in motor and executive actions. Timing judgment allows for the timely 

selection of appropriate responses to the environment sensory. In this sense, prepulse inhibition 

of startle reaction, repetitive motor, and motor coordination all involve a sequence of motor 

actions, for which execution requires precise timing and coordination, usually in the millisecond 

timescale. Therefore, the exclusive impairments of these functions in cilia-ablated mice may 

indicate a disruption of time judgment and adjustment, which may impede the successful 

execution of these motor activities [120±125]. Time perception is also critical for cognitive 

processes. Successful performance of working memory, attention, decision-making, and 

executive function requires accurate and precise timing judgment, usually within a millisecond to 

minute timescale [126±133]. In the context of working memory, the encoding, maintenance, and 

synchronization of stimulus attributes are presented in specific temporal sequences [134, 135]. 

Memory formation begins when environmental stimuli first elicit a timing mechanism, in which 

information about elapsed time is stored in working memory or short term. When the stimulus 

ends or another event happens, the value of that duration is stored in long-term memory [100, 

136]. The impairments of working memory and the delay in the decision and executive function in 

cilia-ablated mice further support the speculation of interval timing disruption in these mice. This 

speculation is in line with the known role of the basal ganglia circuit in performing central clock 

functions in the brain [137, 138]. Particularly, the SNc and striatum are the two basal ganglia 

regions necessary for interval timing and are parts of cortical-basal-ganglia circuits that form 

neuronal clocks [139±146]. These circuits coordinate the estimation and reproduction of time, 

wherein dopamine modulates the clock speed and timing judgment functions [147±149]. For 

example, increased dopamine levels result in a faster internal clock process, whereas decreased 

dopamine slows down the clock speed [147±149]. Furthermore, dysfunctions of the striatum have 

been shown to cause impairments of interval- timing judgments, particularly as related to the 
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spatial working memory [104, 150±152]. Interestingly, we recently found that most cilia transcripts 

in the primate basal ganglia-cortical circuit are circadian, and they peak in a sequential pattern 

similar to the sequential order of activation of structures of this circuit during movement 

coordination albeit on completely different time scales. Taken together, our findings, in line with 

UREXVW�HYLGHQFH�IURP�WKH�OLWHUDWXUH��VXJJHVW�D�FULWLFDO�UROH�IRU�VWULDWDO�FLOLD� LQ�WKH�EUDLQ¶V�FHQWUD l 

clock function.  

Implications of Cilia Dysfunctions in Neuropsychiatric Disorders  

Intriguingly, the distinctive behavioral phenotype induced by striatal cilia ablation in mice 

appears to pertain to clinical manifestations of specific neurological and psychiatric disorders 

related to both the striatum functions and timing deficits. We base our view on the following 

notions: 1-The behavioral deficits in cilia-ablated mice represent a cluster that extensively 

overlaps across specific disorders, including SCZ, PD, HD, ASD, OCD, ADHD, and TS, with some 

of these deficits more significant in particular disorders than in others. Motor coordination deficits, 

for example, are the main features of PD and HD but are also observed in TS, ASD, OCD, SCZ, 

and ADHD [153±162]. On the other hand, repetitive behavior is a common feature of ASD, TS, 

OCD, and SCZ but is also found in ADHD and PD [163±174]. While sensorimotor gating deficit is 

a characteristic feature of SCZ, it is also observed in ASD, HD, PD, ADHD, OCD, and TS [175±

187]. Furthermore, social recognition memory is impaired in ASD, SCZ, and OCD [188±193]. 

Lastly, decision execution and working memory deficits are common features in SCZ, ASD, 

ADHD, PD, HD, and OCD [194±204]. 2- Dysfunctions of the striatum, as a target of dopaminergic 

pathways and an essential part of the cortico-basal ganglia-thalamic circuits, underlie fully or 

partially the pathophysiology of these neuro-psychiatric disorders [61±76]. 3- A common feature 

of striatum-related disorders and the seven discussed disorders is a profound decrease in 

SDWLHQWV¶� DELOLW\� WR�DFFXUDWHO\� FDOFXODWH� WKH� WLPLQJ�RI� WKH� LQLWLDWLRQ�DQG� WHUPLQDWLRQ�RI� YROXQWDU\�

actions [205±220]. While time perception deficits have been extensively studied in the PD, SCZ, 
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ADHD, and HD individuals, timing judgment deficits in ASD, OCD, and TS have recently begun 

to receive attention [205±220].  

It is also important to note that it is possible that the disruption of cilia may alter the 

morphology and function of other parts of the neuron, and thus, the manipulation might cause 

some indirect effects on neuron morphology, which may alter connectivity or excitability. Based 

on our findings and the discussion above, we propose a model in which cilia in the striatum act 

as a calibrator of the timing function of the basal ganglia-cortical circuit by maintaining proper 

timing perception. According to this model, abnormal cilia functions might be a unifying factor 

contributing to the pathophysiology of neurological and psychiatric disorders, particularly as 

related to the deficits in timing judgment.  

In conclusion, our findings shed light on the roles that striatal cilia may play in timing-

dependent functions. These findings enhance our understanding of brain function in the context 

of the crucial roles played by this previously unappreciated organelle and may open new avenues 

for therapeutic intervention through cilia-targeted therapies.  

 

 

 

 

 

 

 

 

 
 
 

 

 



 130 

Chapter 6: Behavioral deficits induced by time-dependent Ciliary MCHR1 deletion 
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Abstract 

Primary cilia are microtubule-based organelles that protrude from the surface of most 

mammalian cells and function as important signaling centers. The melanin-concentrating 

hormone receptor 1 (MCHR1) is a G protein-coupled receptor that is expressed in several regions 

of the brain, including the primary cilia of some neurons. The role of MCHR1 in primary cilia is not 

yet fully understood, but it has been implicated in various physiological processes such as 

regulation of appetite and energy balance, as well as behaviors related to reward, motivation, and 

mood. 

To better understand the role of ciliary MCHR1 in social and cognitive deficits, we used 

an inducible knockout model of ciliary MCHR1. Our study aimed to investigate whether the 

deletion of ciliary MCHR1 would result in similar behavioral deficits as seen in MCH/MCHR1 

deletion mice models. In our model, we found that the deletion of ciliary MCHR1 led to normal 

sociability, but an increase in hyperactivity, deficits in cognition, and sensorimotor gating. 

Interestingly, we observed that the timing of the deletion of ciliary MCHR1 had an impact 

on the behavioral outcomes. In mice with late deletion of ciliary MCHR1, we observed an increase 

in hyperactivity, deficits in cognition, and sensorimotor gating, whereas in mice with early deletion, 

we observed deficits in both social and cognitive function as well as sensorimotor gating deficits. 

These findings suggest that ciliary MCHR1 may play a critical role in the development of social 

and cognitive behavior. 

Furthermore, we were able to use our model to quantify the amount of ciliary and non-

ciliary MCHR1 that localizes to primary cilia to better understand the role they play in the deficits 

seen. Our results showed that ciliary MCHR1 levels were significantly reduced in the knockout 

mice, whereas non-ciliary MCHR1 levels were unchanged. This finding supports the idea that 

ciliary MCHR1 may be crucial for the proper functioning of primary cilia. Our study has important 

implications for our understanding of the role of the MCH system in neurodevelopmental 

processes and its contribution to the pathogenesis of schizophrenia. We have shown that the 
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disruption of the MCH system interferes with neurodevelopmental processes, which may 

contribute to the pathogenesis of schizophrenia. These findings suggest that targeting the MCH 

system, particularly ciliary MCHR1 at specific ages, may be a potential therapeutic strategy for 

treating the social and cognitive deficits associated with schizophrenia. 
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Introduction 

Melanin concentrating hormone (MCH) is a neuropeptide that is primarily produced in the 

lateral hypothalamus and zona incerta of the brain[1, 2]. The MCH system is involved in regulating 

various physiological processes, including food intake, energy balance, and arousal [3-6]. MCH 

acts through the G protein-coupled receptors, MCHR1, which is widely expressed throughout the 

central nervous system [7]. The MCH system has been implicated in various diseases, such as 

obesity, depression, and sleep disorders, making it a potential therapeutic target [8-15]. 

In addition the MCH system has also been implicated in cognitive processes. MCH has 

been shown to affect learning and memory in animal models, with MCH-deficient mice exhibiting 

improved memory performance in certain tasks [16-19]. Furthermore, MCH receptors have been 

found in areas of the brain associated with cognitive processes, such as the hippocampus and 

prefrontal cortex [20]. This suggests that the MCH system may play a role in modulating cognitive 

function and could potentially be targeted for cognitive enhancement. Studies in animal models 

have suggested that MCHR1 may be involved in learning, memory, and attention. For example, 

MCHR1 knockout mice exhibited impaired spatial learning and memory [21-23]. Another study 

found that blocking MCHR1 improved attention in rats [24]. The exact role of MCHR1 in cognitive 

function in humans is still unclear. 

In addition to cognition, MCHR1 has also been implicated in social behavior. Studies in 

animal models have suggested that MCHR1 may play a role in regulating social behavior, such 

as aggression and social recognition. MCHR1 knockout mice exhibited increased aggression and 

impaired social recognition [17, 23, 25-27]. As well, blocking MCHR1 reduced aggression in rats 

[28]. The exact mechanisms by which MCHR1 regulates social behavior are not yet fully 

understood and more research is needed to better understand this relationship. 

The MCH system has also been found to be involved in schizophrenia [23]. The study 

found that individuals with schizophrenia had lower levels of MCHR1 in certain brain regions and 

that these deficits were associated with cognitive impairments, particularly in memory and social 
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functioning. Additionally, the study found that MCHR1 deficits were also associated with abnormal 

sensorimotor gating, which is a common feature of schizophrenia. The vast majority of our 

understanding of the MCH system was obtained from studying germline MCHR1 knockout mice 

and conditional MCH-cell ablation using inducible diphtheria toxin receptors (iDTR) system to 

induce selective death of MCH neurons [29]. While the germline KO approach provides crucial 

insights on the functions of MCH system and serves as a valuable reference and guide for 

research questions, it has its own limitations as the developmental compensatory mechanisms 

for the deletion of MCHR1 gene might mask or change the behavioral phenotypes. Also it is 

difficult to determine the selective and temporally distinct roles of the MCH system in social and 

cognitive functions at different stages of animal life. While the iDTR-induced ablation of MCH 

neurons provides an important tool for identifying the selective and temporally distinct roles of 

MCH system, however, this selectivity is eliminated by the fact that by inducing the death of MCH 

neurons that co-express other neurotransmitters such as GABA, orexin, histamine etc, these 

neurotransmitter systems are impacted and thus the ultimate phenotype is not solely due to the 

MCH ablation. Therefore, this study will enable us to induce ciliary MCHR1 deletion at different 

stages of life. These findings suggest that the MCH system may be a potential target for the 

development of new treatments for schizophrenia. However, more research is needed to fully 

understand the role of the MCH system in schizophrenia and how it may be targeted for 

therapeutic intervention. 

Recent studies have also demonstrated that the MCHR1 receptor localizes to cilia in 

various cell types, including neurons [30-32]. Cilia are hair-like structures that extend from the 

surface of cells and are involved in various cellular processes, including signal transduction. The 

localization of MCHR1 to cilia suggests that it may play a role in cilia-mediated signaling pathways. 

Additionally, mutations in cilia-related genes have been linked to various diseases, such as 

obesity and ciliopathies [33-37]. Therefore, understanding the role of MCHR1 in cilia-mediated 
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signaling may provide new insights into the pathogenesis of these diseases, and how they relate 

to the MCH system. 

Cilia dysfunction has been associated with the development of several neurological 

disorders, such as schizophrenia and bipolar disorder. Studies have suggested that disruptions 

in cilia function could result in alterations in signaling pathways in the brain, which may contribute 

to the development of these disorders. For instance, research has shown that mutations in genes 

that regulate cilia function are related to abnormalities in brain structure and function, as well as 

cognitive deficits [38]. 

The increasing evidence on cilia in the brain highlights the importance of these structures 

in sustaining brain function. Dysfunctions in cilia and associated signaling pathways may 

contribute to the development of various neurological disorders. Further studies are required to 

fully comprehend the role of cilia in these disorders and to identify potential targets for therapeutic 

intervention. The localization of the MCHR1 receptor and other proteins to cilia suggests that 

these systems may be promising targets for the development of novel treatments for neurological 

disorders [39-42]. Thus we used an inducible mouse Mchr1ǦCreER model coupled with IFT88 fl 

to study the role of ciliary melanin concentrating hormone (MCH) signaling in the developing brain 

WR�XQGHUVWDQG�WKH�UHVSRQVLELOLW\�RI�0&+5�V¶�ORFDOL]DWLRQ�WR�FLOLD��:H�K\SRWKHVL]H�WKDW�WLPLQJ�RI�

ciliary MCHR1 dysregulation in the early stage of postnatal development contributes to the 

pathogenesis of schizophrenia-like behavior. 
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Materials and Methods 

Generation of MCHR1CreER x IFT88fl mice 

We received the inducible mouse MCHR1-CreER model from the Berbari lab[43]. They generated 

a BAC transgenic mouse where the Mchr1 promoter drives expression of tamoxifen inducible 

CreER recombinase. Mchr1CreER positive mice were bred with IFT88fl mice that have loxp sites 

that flank the exons 4-6 of the intraflagellar transport 88 gene (IFT88). This will result in the 

deletion of exon 4-6 in the tissues upon activation of the estrogen receptor expressed on Cre. 

Upon  tamoxifen injection i.p, tamoxifen-bound Cre-ER dissociates from HSP90, translocates into 

the nucleus, and carries out site-specific recombination between flanking loxP sites. All 

experimental procedures were approved by the Institutional Animal Care and Use Committee of 

the University of California, Irvine, and were performed in compliance with national and 

institutional guidelines for the care and use of laboratory animals.  

Genotyping 

)RU� WKH� 0FKU�&UH(5�� ZH� XVHG� WZR� SULPHUV� ZLWK� WKH� IROORZLQJ� VHTXHQFHV�� �ƍǦ

*&$$$&**$&$*$$*&$777� DQG� �ƍǦGCGGTAGAGGAAGACCCTTT. The PCR program 

consisted of an initial step of heating the mixture at 95°C for 2 minutes, followed by 35 cycles of 

heating at 95°C for 15 seconds, annealing at 57°C for 30 seconds, and elongation at 72°C for 1 

minute. Finally, there was a last elongation step at 72°C for 1 minute. As for the RosaLacZ, we 

XVHG�WKUHH�SULPHUV�ZLWK�VHTXHQFHV��ƍǦ GCG AAG AGT TTG TCC TCA ACC, �ƍǦ AAA GTC GCT 

&7*�$*7�7*7�7$7��DQG��ƍǦ GGA GCG GGA GAA ATG GAT ATG. The PCR program consisted 

of the initial denaturation at 94°C for 2 minutes. The denaturation step is at 94°C for 20 seconds, 

annealing at 65°C for 15 seconds with a temperature decrease of 0.5°C per cycle. For elongation 

68°C for 10 seconds with for 10 cycles, with a touchdown protocol. Next, at 94°C for 15 seconds., 

60°C for 15 seconds, 72°C for 10 seconds, repeating for 28 cycles, and 72°C for 2 minutes. For 

IFT88fl, the following PCR reaction was conducted using KAPA2GFast HotStart PCR kit (Roche 

&DW�� 1R� ������������� ZLWK� WKH� )RUZDUG� SULPHU� �ƍ-GACCACCTTTTT AGCCTCCTG and the 
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5HYHUVH�SULPHU��ƍ-AGGGAAGGGACTTAGGAA TGA. Touch-down cycling was performed, and 

the PCR product was analyzed on a 1% agarose gel. The genotypes were identified as 

homozygous at ~ 410 bp, heterozygous at 365 bp and ~ 410 bp, and wildtype at 365 bp [43]. 

Tamoxifen administration 

Tamoxifen administration was done as previously mentioned [43]. Briefly, to activate CreER 

recombinase, groups of mice were administered intraperitoneal injections of 20 mg/ml tamoxifen 

(Sigma Aldrich, St. Louis, MO) that was dissolved in corn oil (Sigma Aldrich, St. Louis, MO). Adult 

mice were given injections for five consecutive days with a dosage of 150 mg/kg. Meanwhile, 

PLFH�DW�3���ZHUH�DGPLQLVWHUHG�D�VLQJOH����ȝ/�LQMHFWLRQ�IRU�WZR�FRQVHFXWLYH�GD\V�WR�LQGXFH�WKH�

recombinase. 

Behavioral Assays 

7-week-old mice underwent a series of behavioral tests two weeks after the tamoxifen injections, 

21 day old mice were left until they were 8 weeks old to start behavioral tests. The behavioral 

tests included locomotion, rotarod, social interaction, spontaneous T-maze alternation, novel 

object recognition, and prepulse inhibition.  

Locomotor Activity 

The procedure for the locomotor activity was based on our previous studies[44-46]. Briefly, the 

experiment consisted of two phases: a 30-minute acclimation phase followed by a 60-minute 

locomotor activity test [78]. Mice were placed in a locomotion chamber (40 × 40 cm, Med 

Associates, Inc.), and their movements were recorded every 5 minutes using Activity Monitor 5 

software (Med Associates, Inc.). 

Rotarod Test 

Rotarod test was performed as previously mentioned [44]. Briefly, to assess the motor 

coordination of mice, they underwent the rotarod test, which involved placing them on a raised 

rotating rod consisting of 5 lanes, each with a trip plate below to halt the timer when the subject 

falls. The test comprised three 420-second trials with a starting speed of 4 RPM that gradually 
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increased to 60 RPM. A 15-minute interval was given between each trial, and the data were 

examined based on the latency and speed of the falls in each trial. 

Spontaneous T-maze Alternation 

Spontaneous t maze alternation was performed as previously mentioned [44]. The mice were 

placed in the entrance of the T-maze and allowed to acclimate for 30 seconds. Subsequently, the 

doors were opened, providing the animals access to either the left or right arm of the maze. Once 

a decision had been made, the door was closed, and the mice were allowed to explore the chosen 

side arm for 30 seconds. After that, the mice were returned to the maze base to commence the 

next trial. A total of eight trials were conducted, and the percentage of alternations was determined 

as 100 times the number of alternations divided by seven. Additionally, the time taken to make an 

alteration decision was recorded. 

Social Interaction 

Social interaction was performed as previously mentioned [44]. The three-chamber box utilized in 

these assays is a rectangular plexiglass box with separable doors that divide the left, middle, and 

right chambers. To create an environment for social interaction, empty mesh wire cups were 

placed in the middle of the left and right chambers. The social interaction assay began with the 

experimental mice exploring the middle chamber for 5 minutes. After that, a control mouse of the 

same gender, age, and strain as the experimental mouse was placed inside one of the cups in 

either the right or left chamber, and the experimental mice were allowed to explore all three 

chambers for 10 minutes. The total duration of time that the experimental mice spent interacting 

with the empty and control mouse cups was documented. The social novelty assay followed 

immediately after the social interaction assay, with a new control mouse placed underneath the 

empty cup. The experimental mice were allotted 10 minutes to explore all three chambers, and 

the total time they spent interacting with the mouse from the social interaction assay and the novel 

mouse was documented. ANY-maze software (Stoelting, Wood Dale, IL, USA) was utilized to 

record and analyze these interactions. 
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Novel Object Recognition 

The novel object recognition (NOR) paradigm consists of the training and the testing phase. Prior 

to training, all mice were handled for 1-2 minutes per day for three days. Then, they were allowed 

to habituate to the rectangular box apparatus for three consecutive days without objects. During 

the training phase, mice were given 10 minutes to explore two identical objects in the box. After 

24 hours, the testing phase began, during which mice were given 5 minutes to explore the box 

containing one familiar and one novel object. The total time spent by each mouse interacting with 

both objects was recorded individually [44]. The software ANY-maze (Stoelting, Wood Dale, IL, 

USA) was used to document and analyze these interactions. 

Prepulse Inhibition 

The mice underwent a 5-minute acclimation period in the startle chambers with a background 

noise of 65 dB. The PPI session consisted of five trials, including no-stimulus trials, prepulse trials, 

and startle trials. The no-stimulus trials involved only background noise, while startle trials 

included a 40-millisecond startle stimulus at 120 dB (p120). The prepulse trials consisted of a 20-

millisecond prepulse at 68 dB (pp3), 71 dB (pp6), or 77 dB (pp12) with a 100-millisecond 

interstimulus interval, followed by a 40-millisecond startle stimulus at 120 dB. The test sessions 

started with five presentations of the p120 trial, followed by ten presentations of various trials in a 

pseudorandom order, with an intertrial interval of 8 to 23 seconds (mean 15 seconds) and ended 

with five presentations of the p120 trial. The PPI percentage score was calculated for each 

acouVWLF�SUHSXOVH�LQWHQVLW\��ZKLFK�LV���33,ௗ ௗ���-�>�VWDUWOH�UHVSRQVH�IRU�SUHSXOVHௗ�ௗSXOVH�WULDOV���

(startle response for pulse-alone trials)] × 100). The magnitude of the response was calculated 

as the average response to all of the startle or prepulse trials [23]. 

Immunohistochemistry 

Ninety minutes following the last behavioral assay, mice were anesthetized with isoflurane and 

transcardially perfused with saline and 4% paraformaldehyde (PFA). The brains were then 

harvested and kept in PFA overnight, after which they were switched to 30% sucrose. Using a 
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PLFURWRPH�� EUDLQV� ZHUH� FRURQDOO\� VHFWLRQHG� DW� ��� ȝP�� )URP� VSHFLILF� UHJLRQV� RI� LQWHUHVW�� �-4 

sections were chosen with the help of the Allen Brain Atlas. These sections were blocked with 

goat serum in PBS with 0.3% Triton X-100 for 30 minutes. Subsequently, the brain sections were 

incubated in blocking buffer with anti-MCHR1, (rabbit pAB; 1:250 dilution; catalog #711649, 

Thermo Fisher Scientific) 

 and anti-adenylate cyclase 3, (ACIII; 1:1000 dilution; chicken polyclonal antibody (pAb); CPCA-

ACIII, Encor) in 4°C overnight. After primary antibody incubation, the sections were washed with 

PBS and then incubated with the secondary antibody, goat conjugated Alexa Fluor 647 and 488 

(1:500; Thermo Fisher Scientific) and DAPI, 1:10,000 (Thermo Scientific Ref: 62,248 Lot: 

WF3296471) for 1 hour shielded from light. The sections were then washed with PBS and 

mounted on slides. Images were carried out using the Leica SP8 confocal microscope with a 63x 

objective lens (UCI optical biology core facility) [42].  

Data Analysis 

We performed statistical analysis using GraphPad Prism software. We presented the data as 

means with SEM. We analyzed the results of locomotor activity, stereotypic behavior, marble 

burying, NOR, and NOL assays using Student unpaired t-test. We analyzed social behavior, PPI, 

and fear conditioning data using 2-way ANOVA, followed by the Bonferroni post hoc comparison. 

We considered a P value less than 0.05 as statistically significant. 
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Results 

Animals 

To examine the physiological role of ciliary MCHR1, we generated MCHR1CreERxIFT88fl mice, 

which upon intraperitoneal injection of tamoxifen, tamoxifen-bound Cre-ER dissociates from 

HSP90, translocates into the nucleus, and carries out site-specific recombination between 

flanking loxP sites thus allowing us to specifically delete ciliary MCHR1 by the dysregulation of 

the IFT88 gene responsible for ciliogenesis. Using tamoxifen, we controlled the timing of the 

deletion at 7 weeks and early on at 21 days of age and tested the animals to see the difference 

in social and cognitive deficits (Fig. 6.1).  

 

Figure 6.1. Animal model.  

We have animals that have loxp sites that flank the exons 4-6 of the intraflagellar transport 88 

gene (IFT88 (Jackson Laboratories, #022,409). These mice are bred with our MCHR1CreER mice 

(a generous gift from the Berbari Lab), which will result in the deletion of exon 4-6 in the tissues 

upon activation of the estrogen receptor expressed on Cre. Upon tamoxifen injection i.p, 

tamoxifen-bound Cre-ER dissociates from HSP90, translocates into the nucleus, and carries out 

site-specific recombination between flanking loxP sites. Tamoxifen will be injected at 7 weeks old 

and 21 days old separately and once 8 weeks old will be subjected to social and cognitive 

behaviors. 
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Validation of MCHR1 antibody and ciliary deletion 

First, we confirmed the validity of the MCHR1 antibody in our MCHR1KO model (Fig. 6.2a,b). 

GPCRs are the biggest drug targets however are difficult targets to generate antibodies for, thus 

confirming using a MCHR1KO mouse model gives clarity to the specificity of the antibody. We 

collected regions from the CA1 hippocampus and nucleus accumbens from WT and MCHR1KO 

animals and confirmed that the antibody was indeed specific to the MCHR1 as there was no 

staining in the KO animals in multiple regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. MCHR1 antibody validation.  

WT animals showed MCHR1 positive cells in the (a) nucleus accumbens and (b) CA1 in the 

hippocampus while MCHR1ko animals showed no MCHR1 positive cells.   

 

Following all the behavioral assays we performed coexpression analysis of primary cilia and 

MCHR1 via immunohistochemistry, using an ADCY3 antibody and MCHR1 antibody to confirm 



 143 

removal of ciliary MCHR1 in both 7 week and 21 day group mice in the nucleus accumbens and 

CA1 of the hippocampus (Fig. 6.3, 6.4). Although MCH and MCHR1 display sexual dimorphism, 

we only observed male mice in these experiments. In both age dependent deletions we observed 

in multiple regions that the WT animals had coexpression of both ciliary MCHR1 and ADCY3 

while the MCHR1CreERxIFT88fl animals showed ciliary MCHR1 deletion. Interestingly, we do 

see some cilia intact stained by ADCY3 as well as MCHR1 that localize to the cell membrane and 

not directly to cilia. Quantification of the percentage of ciliary MCHR1 in the control and CKO 

mice. Two-way ANOVA, WT vs MCHR1CreERxIFT88fl CA1, Nac (F(1,63)ௗ ௗ������ Pௗ�ௗ���������

****Pௗ�ௗ��������4XDQWLILFDWLRQ�RI�WKH�SHUFHQWDJH�RI�FLOLDU\�0&+5��LQ�WKH�FRQWURO�DQG�CKO mice. 

Two-way ANOVA, WT vs MCHR1CreERxIFT88fl (F(1,60)ௗ ௗ������ � Pௗ�ௗ��������� 



Pௗ�ௗ��������

'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� 
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Figure 6.3. Validation of deletion of ciliary MCHR1 in the nucleus accumbens and 

hippocampus in 7-week animals. 

MCHR1CreERxIFT88fl (right panels) and WT mice (left panels) were injected with Tamoxifen for 

5 days to remove ciliary MCHR1. Verification of ciliary MCHR1 removal in the (a) nucleus 

accumbens and (b) CA1 of the hippocampus using immunostaining showing ciliary MCHR1 (red) 

and ADCY3 (green) in both the control animals and conditional knockout animals (counterstained 

with DAPI, blue). Scale bar=50 ȝP. (c) Quantification of the percentage of ciliary MCHR1 in the 
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control and CKO mice. Two-way ANOVA, WT vs MCHR1CreERxIFT88fl CA1, Nac 

(F(1,63)ௗ ௗ������ Pௗ�ௗ���������



Pௗ�ௗ������� 
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Figure 6.4. Validation of deletion of ciliary MCHR1 in the nucleus accumbens and 

hippocampus in 21 day animals.  

MCHR1CreERxIFT88fl mice were injected with Tamoxifen for 2 days to remove ciliary MCHR1. 

Verification of ciliary MCHR1 removal in the (a) nucleus accumbens and (b) CA1 of the 

hippocampus using immunostaining showing ciliary MCHR1 (red) and ADCY3 (green) in both the 

control animals and conditional knockout animals (counterstained with DAPI, blue). Scale bar=50 

ȝP���F� Quantification of the percentage of ciliary MCHR1 in the control and CKO mice. Two-way 

ANOVA, WT vs MCHR1CreERxIFT88fl (F(1,60)ௗ ௗ������ � Pௗ�ௗ��������� 



Pௗ�ௗ�������� 'DWD� DUH�

SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� 

 

Deletion of ciliary MCHR1 at 7 weeks of age resulted in increased hyperactivity 

Mice were subjected to multiple behavioral assays following 2 weeks of the start of injections to 

understand the physiological role of ciliary MCHR1. Previous studies have shown that MCH cko 

and MCHR1KO animals resulted in increased hyperactivity which we were able to confirm in our 

model that ciliary MCHR1 is responsible for the hyperactivity seen. The average distance traveled 

over 60 minutes was significantly increased compared to the control mice (Fig. 6.5).  
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Figure 6.5. Deletion of ciliary MCHR1 at 7 weeks of age in mice resulted in a significant 

increase in spontaneous motor activity however normal non-spontaneous activity.  

A. Schematic of the open field assay that the mice were allowed to explore for 90 minutes. B. 

Total distance traveled for the 90 min of the locomotor assay. C. Average distance traveled in 60 

minutes of locomotion test. (Unpaired t-test **P=0.0062 t=3.121, n=8 WT, 7 

MCHR1CreERxIFT88fl) 'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0�� 

 

Mice did not display any other differences in the locomotor activity. Mice were subjected to the 

rotarod assay and showed no impairments of motor coordination as they showed similar latency 

to fall and speed at which they fall in the rotarod test (Fig. 6.6). Mice also showed an increase in 

latency and speed to fall overtime following the 3 trials showing they have no impairments in 

procedural learning 
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Figure 6.6. Deletion of ciliary MCHR1 at 7 weeks of age in mice resulted in normal motor 

coordination. 

A. Schematic of the rotarod assay. B. Latency to fall in rotarod assay (nௗ ௗ����7ZR-way ANOVA 

(ko removal factor: F(2,39)ௗ ௗ������ Pௗ ௗ��������� WULDO� IDFWRU��)(1,39)ௗ ௗ������ P=0.3165) followed by 

Bonferroni post hoc test: KO vs control, ns, not significant, P>0.9999. C. Speed to fall in rotarod 

assay (nௗ ௗ���� 7ZR-way ANOVA (removal factor: F(2,39)ௗ ௗ������ Pௗ ௗ� �������� WULDO� IDFWRU�

F(1,39)ௗ ௗ������ P=0.3202 followed by Bonferroni post hoc test: KO vs control, ns, not significant, 

3!��������'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� 

 

Deletion of ciliary MCHR1 at 7 weeks of age resulted in normal sociability 

To test whether ciliary MCHR1 is responsible for social behaviors. Mice were subjected to the 

social interaction assay (Fig 6.7a). Removal of ciliary MCHR1 resulted in normal social behavior 

as the mice spent more time with the unfamiliar mouse than the empty cup (2-way ANOVA, 

genotype effect: F1,26ௗ ௗ������ P=0.0371, genotype effect × cup interaction F1,26ௗ= 

0.001425, P=0.9702. Bonferroni post hoc test: empty cup vs unfamiliar mouse, wild type: 

Wௗ ௗ��4, Pௗ �������� .2�� Wௗ ௗ������ Pௗ ������� �Qௗ ௗ�� DQG� �� IRU� ZLOG� W\SH� DQG� .2�� UHVSHFWLYHO\���

Although there was no significant difference between the amount of time spent with both the 

empty cup and unfamiliar mouse, they did spend more time with the mouse thus concluding that 

ciliary MCHR1 ablation at 7 weeks does not affect sociability.  
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Figure 6.7. Deletion of ciliary MCHR1 at 7 weeks of age resulted in normal sociability.  

A. Schematic of the social interaction assay. B. Time mice spent interacting with empty cup and 

control mice in social interaction test: 2-way ANOVA, genotype effect: F1,26ௗ ௗ������ P=0.0371, 

genotype effect × cup interaction F1,26ௗ= 0.001425, P=0.9702. Bonferroni post hoc test: empty cup 

YV�XQIDPLOLDU�PRXVH��ZLOG�W\SH��Wௗ ௗ���� Pௗ=0.004���.2��Wௗ ௗ������ Pௗ ��������Qௗ ௗ��DQG���IRU�ZLOG�

type and KO, respectively). 

 

Deletion of ciliary MCHR1 at 7 weeks of age resulted deficits in working and object 

recognition memory 

We examined the effects of ciliary MCHR1 deletion at 7 weeks of age and found deficits in spatial 

working memory and object recognition memory. The T-maze paradigm was utilized to evaluate 

spatial working memory, taking advantage of mice's natural inclination to alternate between the 

right and left arms in order to efficiently navigate their surroundings. The spatial working memory 

was significantly impaired in the mice that had their ciliary MCHR1 deleted at 7 weeks. These 

mice displayed a lower alternation percentage because they had higher incorrect choices 

compared to the control mice. These mice took the same amount of time to make the incorrect 

decision compared to the control mice. Alternation percentage in t-maze (n=8) unpaired t-test 
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�Wௗ ௗ���� 3ௗ ���������FRQWURO�YV�.2��3 ௗ�������'HFLVLRQ�ODWHQF\�LQ�7-maze test (nௗ ௗ����XQSDLUHG t-

test (tௗ ௗ������ Pௗ ௗ���������FRQWURO�YV�.2��P=ௗ0.7369 (Fig. 6.8).  

Figure 6.8. Deletion of ciliary MCHR1 at 7 weeks of age resulted in deficits in working 

memory. 

A. Schematic of the Spontaneous T-maze behavioral assay. B. Alternation percentage in t maze 

(n=8) unpaired t-WHVW��Wௗ ௗ���� 3ௗ ���������FRQWURO�YV�.2�3 ௗ��������&��'HFLVLRQ�ODWHQF\�LQ�7-maze 

test (nௗ ௗ����XQSDLUHG t-test (tௗ ௗ������ Pௗ ௗ���������FRQWURO�YV�.2��P=ௗ0.7369. 

The novel object recognition paradigm looks at long term memory, as mice are tested 24 hours 

after conditioning. Ciliary MCHR1 deletion at 7 weeks showed deficits in object recognition 

memory, as evidence mice spent about the same amount of time with both the new and old object 

compared to the control animals.  

Figure 6.9. Deletion of ciliary MCHR1 at 7 weeks of age resulted in deficits in long term 

recognition memory. 

A. Schematic of the novel object recognition paradigm. B. Novel object recognition (nௗ ௗ����WZR-

way ANOVA (object factor: F(1,28)ௗ ௗ������ P=0.2178, cilia removal factor: F(1,28)ௗ ௗ������ P=0.0210 

���ROG�REMHFW�YV�QHZ�REMHFW��3 ��������'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0�  
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Deletion of ciliary MCHR1 at 7 weeks of age resulted in sensorimotor gating deficits.  

To test for sensorimotor gating deficits, mice are subjected to the prepulse inhibition assay where 

we look at their startle reaction to a weak stimulus (prepulse) following a stronger subsequent 

startle response (pulse). Ciliary MCHR1 deletion at 7 weeks seems to exhibit significant reduction 

in inhibition at both 71 dB and 77dB compared to the control mice. These results indicate that 

ciliary MCHR1 may be responsible for the sensorimotor gating mechanism (Fig. 6.10). 

  

Figure 6.10. Deletion of ciliary MCHR1 at 7 weeks of age resulted in deficits in sensorimotor 

gating. 

A. Schematic of the Prepulse inhibition paradigm. B. Prepulse inhibition ratio in mice: 2-way 

ANOVA, genotype effect (F3,36ௗ ௗ������� Pௗ ௗ������� ��� SUHSXOVH� LQWHQVLW\� HIIHFW� �)1,36ௗ ௗ�������

P<0.0001 ) and genotype x prepulse intensity (F3,36ௗ=0.04810, Pௗ ௗ���������followed by Bonferroni 

post hoc test: WT vs KO 3db, Pௗ= 0.0329, WT vs KO 6db, Pௗ=0.0192, WT vs KO 12db, Pௗ=0.0107, 

WT vs KO, Average PPI, P=0.0094. 

 

Deletion of ciliary MCHR1 at 21 days of age resulted in increased hyperactivity 

Mice were subjected to multiple behavioral assays upon reaching 9 weeks of age to understand 

the physiological role of ciliary MCHR1. Previous studies have shown that MCH cko and 
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MCHR1KO animals resulted in increased hyperactivity which we were able to confirm in our 

model that ciliary MCHR1 is responsible for the hyperactivity seen regardless of the age at which 

ciliary MCHR1 is deleted. The average distance traveled over 60 minutes was significantly 

increased compared to the control mice (Fig. 6.11).  

 

 

Figure 6.11. Deletion of ciliary MCHR1 at 21 days of age in mice resulted in a significant 

increase in spontaneous motor activity however normal non-spontaneous activity.  

A. Total distance traveled for the 90 min of the locomotor assay b. Average distance traveled in 

60 minutes of locomotion test. (Unpaired t-test *P=0.0464 t=2.111, n=6 WT n=5 KO) Data are 

SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0�� 

 

Mice did not display any other differences in the locomotor activity. Mice were subjected to the 

rotarod assay and showed no impairments of motor coordination as they showed similar latency 

to fall and speed at which they fall in the rotarod test (Fig. 8.12). Mice also showed an increase 

in latency and speed to fall overtime following the 3 trials showing they have no impairments in 

procedural learning. 
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Figure 6.12. Deletion of ciliary MCHR1 at 21 days of age in mice resulted in normal motor 

coordination. 

A. Latency to fall in rotarod assay (nௗ ௗ��� ���� 7ZR-way ANOVA (ko removal factor: 

F(1,27)ௗ ௗ�������� Pௗ ௗ���������WULDO�IDFWRU��)(2,27)ௗ ௗ������� P=0.7031) followed by Bonferroni post 

hoc test: KO vs control, ns, not significant, P>0.9999. C. Speed to fall in rotarod assay (nௗ ௗ����

Two-way ANOVA (removal factor: F(1,27)ௗ ௗ�������� Pௗ ௗ� �������� WULDO� IDFWRU�

F(2,27)ௗ ௗ������� P=0.5732 followed by Bonferroni post hoc test: KO vs control, ns, not significant, 

3!��������'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0� 

 

Deletion of ciliary MCHR1 at 21 days of age resulted in social deficits 

To test whether ciliary MCHR1 is responsible for social behaviors. Mice were subjected to the 

social interaction assay. Removal of ciliary MCHR1 at 21 days of age resulted in deficits in social 

behavior as the mice spent the same amount of time with the unfamiliar mouse as the empty. 

Thus concluding that ciliary MCHR1 ablation at 21 days affects sociability (Fig 6.13).  
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Figure 6.13. Deletion of ciliary MCHR1 at 21 days of age resulted in social impairments.  

Time mice spent interacting with empty cup and control mice in social interaction test: 2-way 

ANOVA, genotype effect: F1,18ௗ ௗ������ Pௗ ௗ������� �� JHQRW\SH� HIIHFW� î� FXS� LQWHUDFWLRQ�

F1,18ௗ ௗ�������� P=0.4672 . Bonferroni post hoc test: empty cup vs unfamiliar mouse, wild type: 

Wௗ ௗ������ Pௗ=0.048��� .2�� Wௗ ௗ����� Pௗ!ௗ����


Pௗ�ௗ����� �Qௗ �ௗDQG� �� IRU� ZLOG� W\SH� DQG� .2��

respectively).  

 

Deletion of ciliary MCHR1 at 21 days of age resulted deficits in working and object 

recognition memory 

We examined the effects of ciliary MCHR1 deletion at 21 days of age and found deficits in spatial 

working memory and object recognition memory. The T-maze paradigm was utilized to evaluate 

spatial working memory, taking advantage of mice's natural inclination to alternate between the 

right and left arms in order to efficiently navigate their surroundings. The spatial working memory 

was significantly impaired in the mice that had their ciliary MCHR1 deleted at 21 days. These 

mice displayed a lower alternation percentage because they had higher incorrect choices 

compared to the control mice. These mice took the same amount of time to make the incorrect 

decision compared to the control mice (Fig. 6.14). 
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Figure 6.14. Deletion of ciliary MCHR1 at 21 days of age resulted in deficits in working 

memory. 

A. Alternation percentage in t maze (n=6,5) unpaired t-WHVW��Wௗ� ������� Pௗ=0.0185 control vs KO, 

P=0.0185. C. Decision latency in T-maze test (nௗ ௗ������XQSDLUHG t-test (W࣯ ࣯������� 3 ࣯������), 

control vs KO, P= ��������QV��QRW�VLJQLILFDQW��'DWD�DUH�SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0. 

The novel object recognition paradigm looks at long term memory, as mice are tested 24 hours 

after conditioning. Ciliary MCHR1 deletion at 21 days showed deficits in object recognition 

memory, as evidence mice spent more time with old objects than the new object compared to the 

control animals (Fig. 6.15).  
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Figure 6.15. Deletion of ciliary MCHR1 at 21 days of age resulted in deficits in long-term 

recognition memory. 

Novel object recognition (nௗ ௗ������WZR-way ANOVA (object factor: F(1,18)ௗ ௗ������� Pௗ�ௗ��������FLOLD�

removal factor: F(1,18)ௗ ௗ������� Pௗ ௗ��������� ROG� REMHFW� YV� QHZ� REMHFW�� 3 �������� 'DWD� DUH�

SUHVHQWHG�DV�PHDQVௗ�ௗ6�(�0�  

 

Deletion of ciliary MCHR1 at 21 days of age resulted in sensorimotor gating deficits.  

To test for sensorimotor gating deficits, mice are subjected to the prepulse inhibition assay where 

we look at their startle reaction to a weak stimulus (prepulse) following a stronger subsequent 

startle response (pulse). Ciliary MCHR1 deletion at 21 days exhibits a significant reduction in 

inhibition at 68 dB, 71 dB and 77dB compared to the control mice. These results indicate that 

ciliary MCHR1 may be responsible for the sensorimotor gating mechanism (Fig. 6.16). 

 

 

 

 

  

 

 

 

Figure 6.16. Deletion of ciliary MCHR1 at 21 days of age resulted in deficits in sensorimotor 

gating. 

Prepulse inhibition ratio in male: 2-way ANOVA, genotype effect (F3,36ௗ ௗ������� Pௗ ௗ���������

prepulse intensity effect (F1,36ௗ ௗ������� 3��������� DQG� JHQRW\SH x prepulse intensity 
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(F3,36ௗ=0.04810, Pௗ ௗ��������IROORZHG�E\�%RQIHUURQL�SRVW�KRF�WHVW��:7�YV�.2��GE��Pௗ= 0.0329, WT 

vs KO 6db, Pௗ=0.0192, WT vs KO 12db, Pௗ=0.0107 WT vs KO Average PPI, P=0.0094. 
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Discussion 

In this study we examined the role of time-dependent ciliary MCHR1 deletion using an 

inducible ciliary MCHR1 knockout model through CreER. This data provides confirmation of 

previous studies done on MCHR1 knockout models and conditional knockout models of the 

MCHR1 system, however is the first to uncover the role of the MCHR1 that localize to cilia 

specifically compared to those on the cell membrane. We provide evidence that the timing of the 

deletion of ciliary MCHR1 is important for social behaviors however it is not dependent on 

memory, hyperactivity, and sensorimotor gating. Our results also may be different than those 

published because it may be that both ciliary MCHR1 and those localized to the membrane are 

both responsible for the same thing and thus deleting a majority of them may result in partially 

seeing the effects in the behavioral paradigms. Our data also quantifies the localization of MCHR1 

to cilia versus those binding to the cell membrane.  

Methodological Considerations 

This is the first inducible ciliary MCHR1 deletion model that uses tamoxifen to promote the 

deletion. There are many studies that have shown adverse effects of tamoxifen in behavioral 

assays in normal conditions. Tamoxifen is a selective estrogen receptor modulator (SERM) that 

is commonly used in mouse models to induce conditional gene knockout or overexpression [42]. 

Tamoxifen is known to interact with estrogen receptors in the brain, and as a result, it may have 

effects on mouse behavior. Studies have shown that tamoxifen can affect mouse behavior in a 

number of ways, although the exact effects may depend on a variety of factors, including the 

dose, duration of treatment, and specific behavioral test used. Some of the effects of tamoxifen 

on mouse behavior may include: (1) Anxiety-like behavior: Tamoxifen treatment has been shown 

to increase anxiety-like behavior in mice in some studies [47, 48]. For example, tamoxifen-treated 

mice may spend less time in the open arms of an elevated plus maze or have reduced exploration 

in a novel environment [49]. (2) Depression-like behavior: this may manifest as reduced 

motivation to explore or decreased preference for sucrose, which is commonly used as a measure 
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of reward sensitivity [50]. (3) Learning and memory: tamoxifen-treated mice may have impaired 

spatial learning and memory in the Morris water maze [50]. (4) Motor function: studies have 

reported reduced locomotor activity or impaired motor coordination in tamoxifen-treated mice [50]. 

In our model both the control and experimental animals are injected with tamoxifen, thus in some 

assays we see a trend that is not significant and may be a result because of the administration of 

tamoxifen rather than the deletion of ciliary MCHR1. We confirmed the deletion of ciliary MCHR1 

through the immunostaining of both MCHR1 and ADCY3, which have been previously shown as 

the standard staining to quantify cilia expression. We showed a significant decrease in both 

MCHR1 and ADCY3 staining in multiple brain regions providing evidence that the mice indeed 

lacked ciliary MCHR1. We monitored the behavioral phenotypes resulting in ciliary MCHR1 

ablation focusing on social and cognitive function as well as sensorimotor learning.  

It is important to note that we found and confirmed with previous studies that a majority of 

MCHR1 localizes to primary cilia and thus the deletions we have seen of the MCH system may 

be linked to ciliary dysfunction. While it is difficult to recapitulate the human psychopathological 

phenotypes of schizophrenia in rodents, a number of behavioral patterns have been validated 

and historically accepted as translational models between rodents and humans. Locomotor 

hyperactivity, augmented stereotypic, and repetitive behaviors are widely used to evaluate the 

positive symptoms of schizophrenia [51-55]. Abnormal social interaction and communication are 

the main features of the negative symptoms of schizophrenia [56-58]. In mice, social behavior 

and social recognition are tested in the three chambers sociability assay [59]. Cognitive deficits 

are commonly evaluated using a wide range of assays such as T-maze (working memory), the 

novel object recognition (neutral memory), novel location recognition (spatial memory), fear 

conditioning (emotional memory) [60-63].  Impairment of prepulse inhibition of startle, which is 

present in patients with schizophrenia, reflects an inability to filter non-relevant sensory 

information [64], and tested in mice using the test of prepulse inhibition of acoustic startle [59].  
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Late deletion of ciliary MCHR1 results in normal sociability but deficits in cognitive 

function and sensorimotor learning while early deletion of ciliary MCHR1 resulted in 

deficits in both social and cognitive function as well as sensorimotor learning.  

 We produced MCHR1CreERxIFT88fl mice to investigate the physiological function of 

ciliary MCHR1. By administering tamoxifen through injection, the tamoxifen-bound Cre-ER 

separates from HSP90, moves into the nucleus, and executes targeted recombination between 

adjacent loxP sites. As a result, we can delete ciliary MCHR1 specifically by disrupting the IFT88 

gene, which is responsible for cilia formation. We employed tamoxifen to control the timing of the 

deletion, either at 7 weeks or 21 days of age, and evaluated the animals for any differences in 

social and cognitive deficiencies. 

We discovered that in both early and late deletion of ciliary MCHR1, resulted in a notable 

rise in spontaneous motor activity, but their non-spontaneous activity remained normal. Previous 

studies have investigated the relationship between the MCH system and locomotor activity and 

discovered that the deletion or antagonism of MCHR1 can lead to an increase in locomotor activity 

in a novel environment [65-67]. It is known that many GPCRs localize primarily to cilia just like 

MCHR1 for example some dopamine receptors [40, 68]. We need to consider that the deletion of 

ciliary MCHR1 is removing cilia in this model and thus, other receptors that localize may be 

removed and cause deficits seen. Previous studies found that when MCHR1 was deleted 

specifically in the dopamine D1 receptor-expressing neurons in the striatum, the mice showed 

increased locomotor activity and decreased anxiety-related behavior [69]. These findings suggest 

that ciliary MCHR1 plays a role in regulating locomotor activity in mice. 

We discovered that in late deletion of ciliary MCHR1 resulted in normal sociability however 

early deletion of ciliary MCHR1 resulted in social deficits. We have previously found the germline 

deletion of MCHR1, but not ablation of MCH neurons during the adult stage, affected social 

behavior in mice in the three chambers sociability test [23]. Previous studies have also shown 

that mice lacking the MCHR1 gene displayed reduced social interaction compared to normal mice, 
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suggesting that the gene plays a role in the regulation of social behavior in mice. They also 

discovered that the deletion of the gene led to alterations in the levels of brain monoamines, such 

as dopamine and serotonin, which are involved in the regulation of social behavior [27]. There is 

evidence that primary cilia play a modulatory role in dopamine and serotonin signaling in the brain 

[70-78]. Some research found that ciliary dysfunction in a specific subset of neurons in mice led 

to alterations in dopamine signaling and behavior [70, 79]. Others found that ciliary defects in the 

brain led to alterations in serotonin signaling and social behavior in mice [80, 81]. Primary cilia 

regulate the number of neurons in brain areas involved in social behavior [82]. It is possible that 

timing of ciliary MCHR1 deletion plays a role in regulating social deficits. 

Early and late deletion of ciliary MCHR1 resulted in deficits in working memory and long-term 

spatial recognition memory. Studies in rodents have shown that deletion of the mchr1 gene can 

result in various cognitive and memory deficits, including deficits in spatial learning and memory, 

fear conditioning, cognitive flexibility, and object recognition memory [23, 83]. These findings 

suggest that the MCH system, which includes the MCHR1 receptor, plays an important role in 

cognitive and memory processes in rodents. There is also some evidence to suggest that primary 

cilia may be involved in memory processes [84]. Previous studies found that primary cilia in the 

hippocampus, a brain region critical for learning and memory, are required for the formation and 

maintenance of long-term memories in mice. Others found that a genetic mutation that disrupts 

primary cilia function is associated with impairments in memory and learning in humans. These 

findings suggest that primary cilia may be an important target for understanding the neural 

mechanisms underlying cognitive and memory processes [84-88].  

We discovered that in both early and late deletion of ciliary MCHR1, resulted in sensorimotor 

gating function. Sensorimotor gating refers to the ability of the brain to filter out irrelevant sensory 

information, and deficits in sensorimotor gating are thought to underlie some of the cognitive and 

behavioral symptoms of schizophrenia [89]. Studies have found that deletion of MCHR1 or 

ablation of MCH neurons can result in significant deficits in PPI and administering MCHR1 
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antagonists improves sensorimotor gating deficits in models of schizophrenia [22, 90-93].  Both 

early and late ciliary MCHR1 deletion mouse models display PPI deficit phenotypes suggests that 

the MCH system plays a critical role in preattentive information processing. 

Many in vivo and in vitro studies have shown evidence that MCHR1 localizes primarily to 

cilia [32, 94-96]. Previously we investigated the effects of MCH on ciliary length and found that 

MCH treatment resulted in a significant increase in cilia length in these cells. [82]. Another 

important study showed that MCHR1 is widely distributed in the cilia of neurons throughout the 

CNS in mice in a sex-independent manner, providing further evidence for the importance of 

MCHR1 localization to cilia in CNS function [32]. We were prompted to inquire about the extent 

of MCHR1 localization to primary cilia and whether the observed behavioral effects arise indirectly 

from cilia or from MCHR1 localized to the cell membrane. Here we aimed to investigate the effect 

of the timing of ciliary MCHR1 ablation on the localization of MCHR1 to primary cil ia and its 

colocalization with ACY3 cilia in the hippocampus and nucleus accumbens. The percentage of 

cells expressing ciliary MCHR1, non-ciliary MCHR1, ACY3 cilia, and colocalization of cells 

expressing both ciliary MCHR1 and ACY3 cilia or non-ciliary MCHR1 and ACY3 cilia was 

quantified. Control animals showed that ciliary MCHR1 was more abundant in the nucleus 

accumbens than in the hippocampus, while non-ciliary MCHR1 was more abundant in the 

hippocampus than in the nucleus accumbens. Additionally, there was more colocalization of ciliary 

MCHR1 and ACY3 cilia on cells than non-ciliary MCHR1 and ACY3 in both regions of the brain. 

These findings suggest that the localization of MCHR1 to primary cilia varies across different 

regions of the brain, however the majority of cilia contain MCHR1. The present study sheds light 

on the relationship between primary cilia and MCHR1, but it is worth noting that the quantification 

of ciliary MCHR1 may be subject to some uncertainty. Specifically, we do not know the extent to 

which MCHR1 is present on cilia versus on the cell membrane, which could affect the accuracy 

of our measurements. Further research using advanced imaging techniques or other approaches 

will be needed to clarify the precise localization of MCHR1 in these structures. Taken together, 
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our results indicate that the disruption of the MCH system interferes with neurodevelopmental 

processes, which may contribute to the pathogenesis of schizophrenia.  
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Chapter 7: Future Direction: In vivo and in vitro binding of MCH fragment analogues 
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Abstract 

Mammalian melanin concentrating hormone (MCH) is a neuropeptide produced in the lateral 

hypothalamus that plays a role in the regulation of feeding behavior and energy homeostasis. 

Abnormalities in MCH signaling have been associated with a number of physiological and 

pathological conditions from metabolic dysfunction to depression, anxiety or even schizophrenia-

like phenotypes. This project aims to design MCH analogues with improved binding affinity for 

MCH receptors, which could potentially lead to new therapies. The project will involve both in vitro 

binding techniques and in vivo intracerebroventricular injection of MCH and MCH analogues in 

mice, followed by measurement of body weight and analysis of cilia length, which has been shown 

to mediate MCH-MCHR1 binding. We found an MCH fragment analogue with a reduced number 

of amino acids and molecular weight showed potential to bind in vivo. This MCH fragment 

analogue had a potency comparable to the full MCH peptide, and caused cilia shortening in the 

adult mouse brain, which was reversed when administered with an MCHR1 antagonist. We also 

found that when administered i.c.v similarly to MCH the mice gained weight and when given 

simultaneously with an antagonist resulted in weight loss. Overall this study shows the potential 

of MCH fragment analogues being treatments for ciliopathies or psychiatric disorders and we are 

testing these peptides in vitro and in vivo in the hope that these can be developed as drugs that 

cross the blood brain barrier. 
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Introduction 

Mammalian melanin concentrating hormone (MCH) is a cyclic nineteen amino acid 

neuropeptide found in the brain with the native sequence: Asp-Thr-Met-Arg-Cys-Met-Val-Gly-Arg-

Val-Tyr-Arg-Pro-Cys-Trp-Glu-Val[1, 2]. MCH is a neurotransmitter that exerts its action to the 

endogenous G protein coupled receptor MCHR1 [3]. MCH is highly produced in the lateral 

hypothalamus and zona incerta and is involved in regulating feeding behavior and energy 

homeostasis [3-5]. It has been shown to play a role in the regulation of mood, anxiety, and stress 

[6, 7] and is related to a number of physiological and pathological conditions including obesity, 

metabolic syndrome, depression, and addiction [8-19]. Melanin-concentrating hormone receptor 

1 (MCHR1) localizes to primary cilia in hypothalamic neurons, and thus primary cilia play a role 

in regulating MCHR1 signaling [20-22]. Primary cilia negatively regulate MCHR1 signaling in 

hypothalamic neurons, suggesting that disruption of this regulation could contribute to the 

development of metabolic disorders [23-25]. Studies have injected MCH intracerebroventricularly 

(i.c.v) and found that there is an increase in food intake and body weight gain[8-13, 26-33]. We 

have previously found that stimulation of MCH system either directly through MCHR1 activation 

or indirectly through optogenetic and chemogenetic-mediated excitation of MCH-neuron, caused 

cilia shortening and inactivation of MCH signaling through pharmacological MCHR1 blockade or 

through genetic manipulations induced cilia lengthening [21].  

 MCH is a relatively large molecule, with a molecular weight of about 1.7 kDa and as a 

result, it is not able to cross the blood-brain barrier (BBB) by passive diffusion, which only allows 

for the passage of small, lipophilic molecules [34-37]. In addition to its size, MCH is also subject 

to active transport mechanisms that prevent its entry into the brain[38, 39]. The BBB is lined with 

specialized cells called endothelial cells, which are tightly connected by tight junctions that restrict 

the movement of substances between them Studies have shown that MCH is actively transported 

out of the brain by a protein called P-glycoprotein (P-gp), which is expressed on the luminal side 

of the BBB endothelial cells [40]. P-gp acts as an efflux pump, actively transporting molecules out 
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of the brain and back into the bloodstream [41]. This mechanism helps to maintain the 

concentration of MCH in the brain at a constant level and prevent its accumulation. MCH has 

been shown to affect the permeability of the BBB and can indirectly influence brain function, 

however it is not able to cross the BBB itself due to its size and active transport mechanisms [37]. 

 Thus, MCH analogues have been studied for their potential as therapeutic agents in 

various disease states, including obesity, depression, and addiction [42-44]. In one study, 

researchers designed a series of MCH analogues with modifications to the C-terminus, which is 

thought to be important for receptor binding and activation [45]. They found that the modified 

analogues had enhanced binding affinity and biological activity compared to the native MCH 

peptide and that elimination of substituents from both the carboxy- and amino-termini while 

keeping the disulfide linked ring-possessed equipotency to the native sequence. They 

investigated the effects of modifying specific amino acid residues in the MCH peptide sequence 

and found that replacing the tryptophan with a phenylalanine residue led to a significant reduction 

in receptor binding affinity, suggesting that the tryptophan residue is important for MCH receptor 

binding [4, 44, 45]. A study investigated the effects of an MCH analogue on food intake and body 

weight in rats and found that the analogue significantly reduced food intake and body weight gain 

compared to control animals, suggesting that it may have potential as a therapeutic agent for 

obesity [46]. By identifying specific amino acid residues that are important for receptor binding 

and activity, we hope to develop MCH analogues that are more selective and potent in their 

actions, with fewer side effects than existing treatments. The goal of this study is to identify MCH 

analogues that bind to MCHR1 similarly to MCH in vivo that are smaller and can potentially cross 

the blood brain barrier. 
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Materials and Methods 

Peptide Synthesis 

MCH fragment analogues were designed based on previously published data [4, 44, 45]. The 

native sequence of MCH in salmonid is the following Asp-Thr-Met-Arg-Cys-Met-Val-Gly-Arg-Val-

Tyr-Arg-Pro-Cys-Trp-Glu-Val while the mammalian sequence is as follows Asp-Phe-Asp-Met-

Leu-Arg-Cys-Met-Leu-Gly-Arg-Val-Tyr-Arg-Pro-Cys-Trp-Gln-Val. Peptide 1-3 were designed 

based on the mammalian sequence and peptide 4 was designed based on the salmonid 

sequence. Following the design, peptides were sequenced via Biosynth. The following sequences 

are as followed, peptide 1: H-Cys-Tyr-Arg-Pro-Cys-Trp-Gln-Val-OH with the molecular weight: 

1052.3, peptide 2: H-Cys-Val-Tyr-Arg-Pro-Cys-Trp-OH with the molecular weight: 924.1, peptide 

3: H-Cys-Tyr-Arg-Pro-Cys-Trp-Gln-OH with the molecular weight: 953.1, and peptide 4: H-Cys-

Met-Val-Gly-Arg-Val-Tyr-Arg-Pro-Cys-Trp-OH with the molecular weight: 1367.7 (Fig. 7.1). 

 

Figure 7.1. Structure of MCH and MCH fragment analogues  

(left to right) Human MCH is a 19 amino acid sequence with a disulfide bridge. Peptide 1 is a 8 

amino acid sequence with a disulfide bridge and the smallest ring. Peptide 2 is a 7 amino acid 

sequence with a disulfide bridge and a larger ring. Peptide 3 is a 7 amino acid sequence with a 
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disulfide bridge and the same ring in peptide 1. Peptide 4 is a 11 amino acid sequence with a 

disulfide bridge and the largest ring amongst all peptides designed.   

 

Transiently transfected HEK293T cells with MCHR1 

pGloSensor-22F cells were transiently transfected with human MCHR1 plasmid using jetPRIME 

WUDQVIHFWLRQ�UHDJHQW�XVLQJ�VWDQGDUG�FRQGLWLRQV�RI������'1$�WR�MHW35,0(�UDWLRQ��Z�Y��IRU���ȝJ�RI�

'1$�XVH���ȝJ�RI�MHW35,0(��$IWHU����KRXUV�RI�LQFXEDWLRQ�LQ����&�ZLWK��-10% CO2 cells are used 

in the camp or FLIPR assay. 

 

cAMP assay cells in suspension in 96-well plate format 

Cells are washed with PBS, and are detached using 0.05% trypsin. Cells are pelleted and 

resuspended in CO2 ±independent medium, 10% FBS, and the GloSensor camp reagent. Cells 

are incubated for 2 hours at room temperature and inverted every 15 minutes to prevent settling 

of the cells. Cells are then transferred to a 96 well plate and luminescence was measured using 

the MicroBeta2 2450 Microplate counter. All incubations were done in triplicates. Results were 

analyzed using an in-house coded cAMP Data Process Analyzer where the maximum peak is 

averaged among each triplicate ran.  

 

Intracerebroventricular Administration of Peptides 

All experimental procedures were approved by the Institutional Animal Care and Use Committee 

of the University of California, Irvine, and were performed in compliance with national and 

institutional guidelines for the care and use of laboratory animals. 9-10 week old Swiss Webster 

mice underwent stereotaxic surgery to implant a stainless steel guide cannula into the lateral 

ventricles (20 gauge guide cannulas with 2.5-mm custom-cut depth, PlasticsOne). Animals were 

anesthetized with 2% isoflurane anesthesia (Institutional Animal Care and Use Committee 

guidelines) and were secured with the stereotaxic instrument. Guide cannula was implanted at -
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0.22mm posterior to bregma, 1.0 mm lateral, and 2.3 mm below the skull surface. Post-surgery 

animals were allowed to recover for one week with a dummy cannula in place before injections. 

Animals were then infused with vehicle, MCH peptide (1nmol), Peptide 1 (10nmol), or Peptide 1 

(10nmol) and GW803430 intraperitoneal (3mg/kg), for 7 consecutive days using a 10 µl Hamilton 

microsyringe. The dose of MCH was determined by previous reported findings[13, 21, 47, 48]. 

Following the final injection animals were perfused transcardially under isoflurane anesthesia with 

saline followed by 4% paraformaldehyde in phosphate buffer saline. Brains were removed and 

coronal brain sections (30 µm) were cut [21]. 

 

Immunohistochemistry  

Immunofluorescent staining was carried out as previously reported [21, 49]. Briefly, 11-week-old 

animals were perfused transcardially under isoflurane anesthesia with saline followed by 4% 

SDUDIRUPDOGHK\GH� LQ� SKRVSKDWH� EXIIHU� VDOLQH�� %UDLQV� ZHUH� KDUYHVWHG� DQG� GLVVHFWHG� ��� ȝP�

coronally. The MCHR1 deletion was verified by visualizing MCHR1 neurons using rabbit 

polyclonal anti-MCHR1 antibody (1:200). Primary cilia were stained with ADCY3 goat anti-chicken 

(1:1000). Three to five sections were selected from each region of interest according to the mouse 

EUDLQ�DWODV��1XFOHL�ZHUH�VWDLQHG�ZLWK��ƍ��-diamidino-2-phenylindole (DAPI) solution (1:10,000) and 

mounted with Aqua-mount mounting solution. For each brain, we used four to six non-consecutive 

sections per region of interest. Quantification of primary cilia was based solely on ADCY3 

immunofluorescence positive signals. Cilia were counted in the bilateral areas of each section, 

and each brain was given one averaged cilia length value for each region. Image acquisition was 

carried out using a confocal laser microscope. Images were captured using Leica Sp8 TCS 

confocal microscope (UCI optical biology core facility).  
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Cilia length automation analysis 

Cilia length was measured using FIJI in all cells in each section, and the mean values of three 

sections per brain of 3±5 brains were calculated. A number of cilia in specific regions of the brain 

were also counted and referred to as cilia density per field.  
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Results 

MCH and Peptide 1 bind to MCHR1 and inhibit cAMP accumulation 

Molecular characterization of MCHR1 has been previously proven to show MCH activates 

0&+5�� UHODWHG� SDWKZD\V� WKURXJK�ERWK�*ĮL DQG�RU�*ĮT� SURWHLQV� DQG� WKXV� XVLQJ� LQKLELWLRQ� RI�

forskolin-stimulated camp accumulation in HEK cells transfected with both MCHR1 and 

pGloSensor induced inhibition of adenylate cyclase when incubated with MCH or Peptide 1 (Fig. 

7.2). Varying doses of MCH (0.001 nM, 0.005 nM, 0.01 nM, 0.05 nM, 0.1 nM, 0.5 nM, 1 nM, 5 nM, 

���Q0�����Q0������Q0������Q0��DQG��ȝ0��ZHUH�WHVWHG�DQG�SORWWHG�DV�WKH�ORJ�RI�WKH�DJRQLVW�YV��

the response in luminescence (rlu) resulting in an EC50 of 0.4302 to 1.517 nM (Fig. 7.2a) Varying 

doses of Peptide 1 (0.01 nM, 0.05 nM, 0.1 nM, 0.5 nM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM, 500 

Q0��DQG��ȝ0��ZHUH�WHVWHG�DQG�SORWWHG�DV�WKH�ORJ�RI�WKH�DJRQLVW�YV��WKH�UHVSRQVH�LQ�OXPLQHVFHQFH�

(rlu) resulting in an EC50 of 6.524 to 25.15 nM (Fig. 7.2b). All peptides were tested for binding in 

the cAMP assay however peptide 1 showed the best binding and EC50 amongst the 4 tested thus 

we decided to use peptide 1 for the in vivo studies.  

 

Figure 7.2. cAMP accumulation of MCH and Peptide 1 

HEK cells transiently transfected with MCHR1 and pGloSensor induced inhibition of adenylate 

cyclase when incubated with (A) MCH or (B) Peptide 1 in a dose dependent manner with EC50 

respectively at approximately 1 nM and 13 nM. 
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Intracerebroventricular Administration of MCH and Peptide 1 showed an increase in weight 

and a decrease in weight when given GW803430 

Mice underwent stereotaxic surgery for cannula implantation and were allowed one week to 

recover. Following the recovery, Mice were administered vehicle, MCH, or Peptide 1 via ICV, 

while another group was administered Peptide 1 and GW803430 intraperitoneally for 7 days. Mice 

were weighed from day 0-day 7. Mice given vehicle exhibited on average 0.7 grams of weight 

gain over 7 days of administration. Mice given MCH exhibited on average 2.4 grams of weight 

gain over 7 days of administration 2- ZD\� $129$�� DGMXVWHG� 3� YDOXH�� �������� �%RQIHUURQL¶V�

multiple comparisons test). Mice given Peptide 1 exhibited on average 2.075 grams of weight gain 

over 7 days of administration (2- way AN29$��DGMXVWHG�3�YDOXH ����������%RQIHUURQL¶V�PXOWLSOH�

comparisons test). Mice given Peptide 1 and GW803430 exhibited on average 0.975 grams of 

weight loss over 7 days of administration (2- ZD\�$129$��DGMXVWHG�3�YDOXH ����������%RQIHUURQL¶V�

multiple comparisons test) (Fig. 7.3). 

 

Figure 7.3. Body weight (grams) over 7 days of ICV administration of peptides 

A,B. Over 7 days of intracerebroventricular administration of MCH and peptide 1, mice showed a 

significant increase in body weight (%), while given an MCHR1 antagonist, and peptide 1, mice 

showed a significant decrease in weight. (2- way ANOVA, adjusted P value< 0.0001, F(18, 77)= 

4.493). Mice given MCH (2- ZD\� $129$�� DGMXVWHG� 3� YDOXH�� �������� �%RQIHUURQL¶V� PXOWLSOH�
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comparisons test). Mice given Peptide 1 (2- ZD\�$129$��DGMXVWHG�3�YDOXH ����������%RQIHUURQL¶V�

multiple comparisons test). Mice given Peptide 1 and GW803430 (2- way ANOVA, adjusted P 

YDOXH ����������%RQIHUURQL¶V�PXOWLSOH�FRPSDULVRQV�WHVW�� 

 

MCH and Peptide 1 shorten cilia length and MCHR1 antagonist GW803430 administered 

with Peptide 1 lengthens cilia in the mouse brain 

As previously reported, we confirmed that intracerebroventricular administration of MCH in adult 

PLFH�IRU���FRQVHFXWLYH�GD\V�FDXVHG�D�������GHFUHDVH�LQ�WKH�FLOLD�OHQJWK�����������������ȝP��LQ�

WKH�VWULDWXP��&38��DQG�D�������GHFUHDVH�LQ�FLOLD�OHQJWK����������������ȝP��LQ�WKH�KLSSRFDPSXV�

(CA1). Intracerebroventricular administration of Peptide 1 in adult mice for 7 consecutive days 

FDXVHG�D�������GHFUHDVH�LQ�WKH�FLOLD� OHQJWK�����������������ȝP��LQ�WKH�VWULDWXP��&38��DQG�D�

������ GHFUHDVH� LQ� FLOLD� OHQJWK� �������� �� ������� ȝP�� LQ� WKH� KLSSRFDPSus (CA1). 

Intracerebroventricular administration of Peptide 1 and intraperitoneal injection of GW803430 in 

adult mice for 7 consecutive days caused a 52.6% increase in the cilia length (6.742 ± 0.4493 

ȝP�� LQ� WKH� VWULDWXP� �&38�� DQG� D� ���� LQFUHDVH� LQ� FLOLD� OHQJWK� ������� �� ������� ȝP�� LQ� WKH�

hippocampus (CA1) (Fig. 7.4). 
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Figure 7.4. Chronic intracerebroventricular administration of MCH and Peptide 1 shorten 

cilia length and MCHR1 antagonist GW803430 administered with Peptide 1 lengthens cilia 

A. Immunostaining of ADCY3 labeled in red fluorescence and counterstained with DAPI (blue) in 

the &38�LQ�DQLPDOV�DGPLQLVWHUHG�ZLWK�0&+�RU�YHKLFOH��VFDOH�EDUௗ ௗ�� ȝP��PDJQLILFDWLRQௗ ௗ��[��%��

4XDQWLILFDWLRQ�RI�FLOLD�OHQJWK��ȝP��LQ�WKH�&38�LQ�DQLPDOV�DGPLQLVWHUHG�HLWKHU vehicle, MCH, Peptide 

1, or Peptide 1+GW803430. One way-ANOVA )��������� �������



3��������SRVW�KRF�7XNH\¶V�

multiple comparisons test, Vehicle vs. MCH **P=0.0029, Vehicle vs. Peptide 1 **P=0.0028, 

Vehicle vs. Peptide 1 + GW803430 ***P=0.0005, MCH vs. Peptide 1, ns, not significant P>0.9999, 

MCH vs. Peptide 1 + GW803430, ****P<0.0001, Peptide 1 vs. Peptide 1 + GW803430, 

****P<0.0001. C. Immunostaining of ADCY3 labeled in red fluorescence and counterstained with 

DAPI (blue) in the CA1 in animals administerHG� ZLWK� 0&+� RU� YHKLFOH� �VFDOH� EDUௗ ௗ�� ȝP��

PDJQLILFDWLRQௗ ௗ��[��'��4XDQWLILFDWLRQ� RI� FLOLD� OHQJWK� �ȝP�� LQ� WKH�&$�� LQ� DQLPDOV�DGPLQLVWHUHG�

either vehicle, MCH, Peptide 1, or Peptide 1+GW803430. One way-ANOVA F (3, 16) = 53.29 





3��������SRVW�KRF�7XNH\¶V�Pultiple comparisons test, Vehicle vs. MCH ***P=0.0003, Vehicle 

vs. Peptide 1 ***P=0.0004, Vehicle vs. Peptide 1 + GW803430 ***P=0.0003, MCH vs. Peptide 1, 

ns, not significant P>0.9978, MCH vs. Peptide 1 + GW803430, ****P<0.0001, Peptide 1 vs. 

Peptide 1 + GW803430, ****P<0.0001. 
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Discussion 

 In this study we were able to design MCH fragment analogues that proved to bind to 

MCHR1 both in vitro and in vivo. We first showed that the fragment analogues bind to MCHR1 

showing cAMP accumulation in HEK cells transiently transfected with MCHR1. We then 

demonstrated that the peptide with the most potential to bind in vivo, was one that had (1) a 58% 

less amino acids comparable to the full MCH peptide, (2) had the smallest cyclic ring that was 

50% smaller than the full MCH peptide, (3) was 56% smaller in molecular weight than the full 

MCH peptide. Although the EC50 found was 10 fold greater than MCH, it was still in the nanomolar 

range which is a great potency considering the alterations made to the original sequence. We 

took this peptide in vivo to confirm the binding via intracerebroventricular infusion and analyzed 

binding secondary through the regulation of cilia length as previously proven [21, 49]. Here we 

confirmed that i.c.v administration of MCH causes cilia shortening in multiple regions in the brain 

including the CPU and CA1. Similarly, Peptide 1 caused cilia shortening in the adult mouse brain 

after 7 days of consecutive administration. Interestingly we found that administering Peptide one 

via i.c.v infusion simultaneously with GW803430 (MCHR1 antagonist) resulted in cilia lengthening 

in both the CPU and CA1 in adult mouse brains.  

 Ciliopathies are a group of severe diseases and developmental disorders caused by 

defects in the assembly, such as cilia shortening, which can lead to neurological deficits like 

abnormal cortical formation and cognitive deficits [24, 50-54]. Brain cilia genes are differentially 

expressed in major psychiatric disorders like schizophrenia, autism spectrum disorder, 

depression, and bipolar disorder [55-57]. In particular, the MCH system, specifically MCHR1, has 

been shown to play an essential role in the pathophysiology of schizophrenia [58]. Studies have 

demonstrated that the deletion of MCHR1 and MCH neurons can result in behavioral 

abnormalities that mimic schizophrenia-like phenotypes, including repetitive behavior, social 

impairment, impaired sensorimotor gating, and disrupted cognitive functions. Additionally, 

MCHR1 germline deletion causes alterations in depressive-like behavior that is sex-dependent. 
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These results suggest that ciliary MCHR1 may play a role in the pathophysiology of psychiatric 

disorders such as schizophrenia and depression and that cilia elongation could be a possible 

mechanism through which MCH system dysregulation causes social and cognitive deficits[58]. 

Thus selective targeting of cilia MCHR1 may offer a novel approach to treat psychiatric disorders, 

as studies have shown that pharmacological agents like lithium used to treat depression can alter 

cilia length [59]. 

 MCHR1 belongs to the GPCR family, which forms the largest class of membrane proteins 

in the human genome with >800 GPCRs [60]. GPCRs contain druggable sites located on the 

outer cell surface membrane that are accessible to pharmacological agents. The high 

³GUXJJDELOLW\´�RI�*3&5V�PDNHV�WKHVH�UHFHSWRUV�RI�JUHDW�LQWHUHVW�DV�SKDUPDFRORJLFDO�WDUJHWV��ZLWK�

approximately 35% of approved drugs target GPCRs so far. The orexigenic actions of MCHR1 

have made it an attractive target for treatment of obesity, and for this purpose, several small-

molecule MCH1R antagonists were developed and proved to successfully reduce food intake and 

body weight in preclinical studies [61]. A number of these antagonists were tested in clinical trials 

[62-64].  However, targeting MCHR1 with pharmacological agents that activate these receptors 

was never tried. We have an opportunity to use drugs that act on MCHR1 (particularly agonists), 

to reverse the behavioral deficits previously seen. Previous studies have shown that 

intracerebroventricular (i.c.v) administration of MCH in the brain reduced, while MCHR1 

antagonist (GW3430) increased repetitive behavior, assessed using marble burying test [65]. 

Furthermore, a recent study showed that intranasal administration of MCH enhanced memory 

UHWHQWLRQ�DQG�LPSDLUPHQW�LQ�$O]KHLPHU¶V�PRXVH�PRGHOV�>��@��7KHUHIRUH��XVLQJ�GUXJV�WKDW�DFW�RQ�

MCHR1 (particularly MCH peptide like peptide 1 shown in this study), and/or increasing the 

expression of PMCH and MCHR1 in the brain, may be most effective at reversing the behavioral 

deficits. 

This is a promising study however preliminary and requires more to be done to understand 

whether peptide 1 is able to cross the blood brain barrier as the reason why no one is using MCH 
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clinically is because MCH does not readily cross the blood brain barrier [37].  Future work involves 

doing an intraperitoneal injection of the peptide and testing animals in behavioral assays to see if 

the deficits of social and cognitive and sensorimotor gating are reversed. We will need to 

determine an appropriate dose response as well as timing and frequency of injection. If these fail 

we can also approach this problem by creating small cilia targeted nanoparticles that are loaded 

with antibody targeting MCHR1 with the delivery of MCH or MCH fragment analogues. This would 

also allow us to better understand the underlying deficits and provide potential use of MCH 

fragment analogues to treat ciliopathies or psychiatric disorders such as schizophrenia.  
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Chapter 8: Conclusions and Perspectives 
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Recent research has focused on the potential of the melanin-concentrating hormone 

(MCH) system as a target for the treatment of various diseases. The MCH system is a complex 

network of neurons and receptors in the brain that has been implicated in regulating a wide range 

of physiological functions and behaviors, including sleep, feeding, metabolism, reward, anxiety, 

depression, and learning. This thesis delves into various aspects of cilia, ranging from their links 

to psychiatric disorders, circadian rhythm, lifespan, Age-Disease Interactions, and timing, to 

exploring the role of the MCH system in social and cognitive functions in mice. Further we explore 

the development of MCH fragment analogues that may reverse the deficits seen in ciliopathies 

and psychiatric disorders. 

We first investigated the role of cilia dysfunctions in major psychiatric disorders (SCZ, 

ASD, BP, MDD) in chapter 2 and found that almost all sub-cilia structural and functional 

compartments were dysregulated. In SCZ, genes of 75% of cilia GPCRs and 50% of transition 

zone proteins were differentially expressed. Our findings suggest that cilia components may 

represent novel therapeutic targets for these disorders and may represent a shared mechanism 

across them. 

Chapter 3 covered the topics of cilia and circadian rhythm. Cilia are sub-cellular systems 

with coordinated structural and functional components that sense circadian environmental stimuli. 

Using computational methods and primate brain gene expression atlas, we found that around 

73% of cilia transcripts exhibited circadian rhythmicity across 22 brain regions, with 12 regions 

significantly enriched with circadian oscillating transcripts. The basal ganglia-cortical circuit and 

motor control appear to be dependent on spatiotemporal orchestration of cilia genes, particularly 

in SUN, PUT, LGP, and MGP. Dysregulation of cilia genes may contribute to neurological and 

psychiatric disorders. Further mechanistic studies are needed to understand cilia rhythmicity and 

its effects on brain circuits and behaviors. 
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Our study in Chapter 4 provides a novel discovery that highlights the role of the melanin-

concentrating hormone (MCH) system in regulating the length of primary cilia in the brain. This 

finding establishes a crucial link between the modulation of G protein-coupled receptors and the 

regulation of cilia length, shedding new light on the intricate mechanisms governing ciliary 

function. The study suggests that ciliary MCHR1 could be a potential therapeutic target for treating 

pathological conditions that involve impaired cilia function. In conclusion, the study establishes 

the causal regulatory effects of the MCH system signaling on cilia length, which is significant 

because it provides new insights into the mechanisms of cilia regulation and identifies a potential 

therapeutic target for treating cilia-related pathological conditions. 

Chapter 5 involved an in-depth analysis of the function of cilia in the striatum. Cilia are 

microtubule-based organelles found in almost all brain cells that act as sensory hubs to generate 

an appropriate cellular response. The striatum, a brain structure enriched in cilia, receives and 

integrates various types of environmental information to drive appropriate motor response. Our 

study using mice with ablated cilia in the dorsal striatum found that cilia play an essential role in 

learning new motor skills and time perception, but not in maintaining habitual/learned motor skills. 

These findings suggest that dysfunctional cilia may contribute to the pathophysiology of neuro-

psychiatric disorders related to deficits in timing perception. Our study highlights the potential 

importance of striatal cilia in timing-dependent functions and could lead to new therapeutic 

approaches targeting cilia. 

Chapter 6 of our study centered on investigating the function of ciliary MCHR1, a G 

protein-coupled receptor that is expressed in primary cilia of specific neurons, in relation to social 

and cognitive impairments. Using an inducible knockout model of ciliary MCHR1, we found that 

its deletion resulted in normal sociability but an increase in hyperactivity, deficits in cognition, and 

sensorimotor gating. The timing of the deletion had an impact on the behavioral outcomes, with 

late deletion causing hyperactivity and deficits in cognition and sensorimotor gating, while early 
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deletion resulted in deficits in both social and cognitive function and sensorimotor gating. We also 

found that ciliary MCHR1 levels were significantly reduced in knockout mice, supporting the idea 

that it is crucial for proper primary cilia functioning. These findings suggest that targeting ciliary 

MCHR1 at specific ages may be a potential therapeutic strategy for treating the social and 

cognitive deficits associated with schizophrenia. 

In the conclusive Chapter 7, our primary aim was to advance the development of 

therapeutic interventions through the design of analogues of melanin-concentrating hormone 

(MCH) that exhibit superior binding affinity for MCH receptors. In vitro and in vivo experiments 

were conducted to measure the binding potency of MCH analogues and their effects on cilia 

length and body weight. An MCH fragment analogue showed potential to bind in vivo and caused 

cilia shortening, which was reversed with an MCHR1 antagonist. Additionally, the analogue 

resulted in weight gain when administered alone, but weight loss when given with an antagonist. 

These findings suggest that MCH fragment analogues could be potential treatments for 

ciliopathies or psychiatric disorders. 

GPCRs are highly druggable targets, with around 30±40% of drugs available in the market 

and the vast majority of therapeutic strategies for psychiatric disorders targeting GPCRs. 

Therefore, the developments of cilia-associated GPCRs targeted drug delivery might lead to novel 

treatments or prevention strategies for cilia-associated psychiatric and neurological disorders, 

should the treatments be administered at the proper age. Although there are some shortcomings 

in the research done and many challenges that still need to be pursued, the MCH system and the 

development of novel pharmacotherapies targeting this system holds great promise for the 

treatment of a variety of diseases, including ciliopathies and psychiatric disorders. Further 

research is needed to fully understand the complex interplay between the MCH system and ciliary 

signaling pathways and to develop safe and effective drugs that can target this system 

specifically. Nevertheless, these findings offer new hope for patients with ciliopathies and highlight 

the potential for MCHR1 as a therapeutic target in the treatment of these debilitating conditions. 
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