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Primary cilia are microtubule-based structures that resemble antennae and 
function as sensory organelles. Dysfunction of primary cilia has been linked to 
various age-related conditions. Alzheimer’s disease, which affects more than 
38.5 million individuals worldwide, is a prominent neurodegenerative disorder, 
with aging being its most significant risk factor. In this review, we provide 
an overview of current findings on the role of primary cilia in the mature 
brain and the mechanisms by which alteration of primary cilia may influence 
the progression of Alzheimer’s disease. Growing evidence reveals that primary 
cilia in the mature brain play dynamic roles in cell type, region, and age-
dependent manners. In Alzheimer’s disease, anomalies in primary cilia functions 
and morphology are closely associated with key pathologies. However, the exact 
mechanisms remain unclear. Future studies on neuronal and glial cilia dynamics 
during aging and neurodegeneration are essential to explore their potential as 
therapeutic targets.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the presence 
of amyloid-β (Aβ) plaques and tau neurofibrillary tangles, resulting in progressive cognitive 
impairment, with aging being the most significant risk factor (Knopman et al., 2021). 
Beyond Aβ and tau pathology, AD progression involves disruptions in cellular homeostasis, 
notably affecting endosomal-lysosomal clearance (Nixon, 2017). Recent research has 
implicated primary cilia dysfunction in the pathogenesis of AD (Ma et al., 2022), suggesting 
that these organelles play a critical role in aging and age-related brain disorders.

The primary cilium is a microtubule-based, non-motile organelle that extends from the 
surface of most mammalian cells (Wheatley et al., 1996). The ciliary membrane extends 
continuously from the plasma membrane but is notably enriched with ion channels, G-
protein-coupled receptors (GPCRs), and essential components of signaling pathways like 
Sonic Hedgehog (Shh) and Wnt (Pala et al., 2017). This composition allows the primary 
cilium to serve as a non-synaptic sensory and signaling organelle. The primary cilium is 
also a dynamic structure, with its assembly and disassembly regulated during the cell cycle 
and in response to developmental cues (Plotnikova et al., 2009).
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Primary cilia play essential roles in brain development and 
neurogenesis (Hasenpusch-Theil and Theil, 2021). Notably, primary 
cilia function as essential signaling hubs for pathways such as Shh, 
which is crucial for neural tube patterning and the expansion of 
neural progenitor populations (Zaidi et al., 2022). In the mature 
brain, primary cilia are typically located on the soma or dendrites 
of neurons (Wu et al., 2024), where they serve as sensory organelles 
that integrate local environmental cues, thereby influencing 
neurotransmission and synaptic plasticity. For example, primary 
cilia are enriched with neuropeptide receptors such as somatostatin 
receptor 3 (SSTR3), which modulate excitatory synaptic input onto 
neocortical pyramidal neurons (Tereshko et al., 2021). Additionally, 
proper cilia assembly is necessary for the formation of glutamatergic 
synapses with entorhinal cortical projections, as demonstrated by 
Kumamoto et al. in newborn dentate granule cells of 5-week-old 
female C57 mice (Kumamoto et al., 2012).

Intriguingly, recent studies begin shedding lights on the 
key mechanisms that connect primary cilia dysfunction to AD 
progression. This review integrates studies using cells from the 
cortex and hippocampus of rodents and humans, alongside rodent 
models, to elucidate the primary cilia’s roles in the central nervous 
system. We discuss the heterogeneity in morphology in the mature 
brain, with an emphasis on variations across cell types, brain regions, 
and age-related changes. We also review current findings on the 
functions of neuronal ciliary-localized GPCRs. Furthermore, we 
highlight the relevance of primary cilia to AD pathology and identify 
key gaps in knowledge that warrant further investigation.

The structure of the primary cilium

The primary cilium is a complex organelle composed of the basal 
body, axoneme, and transition zone.

The basal body is evolutionarily conserved, derived from the 
mother centriole, and is crucial for the initial assembly of the 
cilium. It consists of a barrel-shaped structure made of nine 
triplet microtubules, along with subdistal appendages and nine 
strut-like distal appendages (also called transition fibers). These 
distal appendages anchor the basal body to the membrane at the 
cilium’s base (Reiter and Leroux, 2017).

The axoneme, surrounded by a membrane that is continuous 
with the plasma membrane, consists of nine circumferentially 
arranged microtubule doublets that extend from the basal body into 
the extracellular space. This structure can vary along the length of the 
cilium, with the number of microtubule doublets and the diameter 
decreasing towards the tip (Sun et al., 2019; Wu et al., 2024).

Between the basal body and the axoneme, a region called 
transition zone serves as gatekeeper to control proteins in or out 
of the cilium (Lechtreck, 2015). The transportation of proteins to 
the primary cilium membrane is a tightly regulated process. The 
transition zone contains distinct Y-shaped structures that link the 
ciliary membrane to the axoneme. These structures are believed to 
establish or maintain a diffusion barrier, regulating the movement 
of membrane-associated soluble proteins (Awata et al., 2014). The 
selective function of the transition zone relies on multiple complexes 
(Park and Leroux, 2022). Apart from these complexes, intraflagellar 
transport (IFT) trains are responsible for the bidirectional transport 
of proteins and other molecules along the axonemal microtubules 

of the cilium (Hesketh et al., 2022). This system consists of two 
main complexes: IFT-A (e.g., IFT140) and IFT-B (e.g., IFT88, 
IFT20), alongside motor proteins kinesin-2 and dynein-2, facilitate 
the active transport of membrane proteins, such as receptors and 
ion channels, into and out of the cilium (Klena and Pigino, 2022; 
van den Hoek et al., 2022). IFT trains bind to traffic cargos either 
directly or via associating factors. IFT-A interacts with tubby family 
protein 3 (TULP3) to promote GPCRs trafficking into the cilium 
(Mukhopadhyay et al., 2010; Badgandi et al., 2017). The BBSome, 
a protein complex composed of eight Bardet-Biedl syndrome (BBS) 
proteins and directly interacts with IFT subcomplexes, is required 
for retrograde trafficking of GPCRs in and out of primary cilia 
(Berbari et al., 2008; Wingfield et al., 2018; Ye et al., 2018). Together, 
these components underscore the intricate interplay of transport, 
sorting, and stabilization that defines the primary cilium as a 
specialized signaling hub (Wei et al., 2012).

Primary cilia in the mature brain

In the human brain, primary cilia occupy 0.03% of cortical 
volume (Wu et al., 2024). For a long time, it was believed that 
primary cilia were present in neurons and astrocytes in the brains 
of adult humans and rodents (Bishop et al., 2007; Yoshimura et al., 
2011; Wu et al., 2024), but were absent from microglia and 
oligodendrocytes (Sipos et al., 2018). This understanding has been 
recently updated by findings that demonstrate the presence of 
primary cilia on microglia (Liao et al., 2023; Yeo et al., 2023). 
Primary cilia can also be found in choroid plexus cells in the adult 
mouse brain (Bishop et al., 2007).

Primary cilia in the brain can be identified using molecular 
markers such as adenylate cyclase 3 (AC3), ADP-ribosylation factor-
like protein 13B (ARL13B), and certain GPCRs, all of which are 
enriched within the ciliary membrane. However, their expression 
exhibits cell-type-specific variability. AC3 is widely used to label 
neuronal primary cilia, although it also labels a subset of astrocytic 
cilia in the human, rat, and mouse cerebral cortex (Yoshimura et al., 
2011; Sipos et al., 2018). In contrast, Arl13b is more commonly used 
for astrocytic cilia but has also been detected in a limited population 
of neuronal cilia (Sipos et al., 2018; Dupuy et al., 2023). Quantitative 
analyses in adult C57 mice show that 78% of neurons exhibit AC3-
positive primary cilia, while 47% are Arl13b-positive; conversely, 
88% of astrocytes are Arl13b-positive, and nearly half express 
AC3-positive cilia (Kasahara et al., 2014). Regional differences 
have also been reported. In the mouse brain, for example, only 
38% of astrocytes in the corpus callosum are Arl13b-positive, 
despite most astrocytes elsewhere bearing a single Arl13b-labeled 
primary cilium (Wang et al., 2024). Several GPCRs, including 
SSTR3, melanin-concentrating hormone receptor 1 (MCHR1), and 
5-hydroxytryptamine receptor 6 (5-HT6 receptor), also serve as 
markers for neuronal primary cilia and have been used to investigate 
cilia-dependent signaling pathways (Domire and Mykytyn, 2009). 
For instance, an in vitro study using primary hippocampal cultures 
has demonstrated the presence of primary cilia on both neurons and 
astrocytes from newborn mice after 7 days of serum-free culture 
(Berbari et al., 2007). In this study, cilia were visualized using two 
common markers: AC3 and Sstr3. Notably, the choice of marker 
had a significant influence on cilia detection. In neurons, AC3 

Frontiers in Cell and Developmental Biology 02 frontiersin.org

https://doi.org/10.3389/fcell.2025.1650884
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Huang et al. 10.3389/fcell.2025.1650884

labeled nearly three times more cilia than Sstr3. Furthermore, while 
approximately 50% of astrocytes exhibited AC3-positive primary 
cilia, Sstr3 was completely absent from these cells (Berbari et al., 
2007). These findings highlight not only the utility of primary cell 
culture in studying cilia and the importance of selecting appropriate 
markers, as detection can vary substantially across cell types and 
between different markers within the same cell population. 

Primary cilia in distinct neuronal subtypes 
and brain regions

Primary cilia in the brain exhibit notable morphological 
variations, including differences in length, spatial distribution, and 
microtubule architecture.

Neuronal primary cilia, unlike the typical 9 + 0 microtubule 
arrangement, display highly diverse microtubule architectures, 
with variable numbers of microtubule doublets along their length 
(Sheu et al., 2022; Wu et al., 2024). Furthermore, proteins with 
diverse lifespans coexist within the basal body and axoneme of 
neuronal primary cilia, suggesting dynamic turnover (Arrojo et al., 
2019). In neurons, primary cilia exhibit diverse characteristics across 
brain regions and subtypes. In the cerebral cortex, primary cilia 
of upper-layer neurons are significantly longer than those in lower 
layers. Quantitative analysis reveals that interneuron primary cilia 
have an average length of 5.8 ± 0.2 µm, while projection neuron cilia 
measure 7.4 ± 0.6 µm on average. Most cortical neuronal cilia are 
positioned closer to dendrites than axons, suggesting a functional 
orientation, and up to 56% possess a ciliary pocket at their base, 
indicative of active vesicle transport and docking at the ciliary base 
(Wu et al., 2024). In the hippocampus of adult (3–8 months old) 
male mice, AC3-labeled primary cilia are abundant in the pyramidal 
cell layers of the CA1 and CA3 regions, as well as in the granular cell 
layer of the dentate gyrus (DG) (Wang et al., 2011). Within the CA1-
CA3 molecular layer, neuronal primary cilia are radially oriented, 
with those in CA1 being the longest, averaging 8.9 µm, and typically 
originating from the soma (Vien et al., 2023). Additionally, 5-HT6
receptor-rich primary cilia of CA1 pyramidal neurons form synaptic 
connections with brainstem serotonergic axons, with approximately 
35% of neuronal primary cilia in close apposition to these axons, 
accounting for about 50% of axon-ciliary synapses (Sheu et al., 
2022). This suggests a specialized role of primary cilia in serotonergic 
signaling.

Primary cilia on astrocytes also display significant 
morphological plasticity. Astrocyte primary cilia showed a regional 
difference in length, with the longest found in the CA1 region of the 
hippocampus, averaging 3.8 ± 0.07 µm (Wang et al., 2024). Ciliary 
morphology in astrocytes is also sensitive to their physiological 
state. In C3-positive reactive astrocytes, primary cilia become 
significantly longer, even though the rates of cilia formation remain 
unchanged (Muhamad et al., 2024).

Recent studies have investigated how ciliary length and ciliation 
rates vary with the age of mice. In the neocortex of CD1 strain 
mice, the length of AC3-labeled primary cilia varies by cortical 
layer and reaches its full extent after 3 months, with no significant 
gender differences observed (Arellano et al., 2012). A study using 
sv129/C57/BL6 female mice reported that ciliary length and ciliation 
rates of Sstr3-labeled primary cilia in the dentate granule cell layer 

remain stable from 6 to 24 months of age (Chakravarthy et al., 
2012). However, a study shows clear age-related changes in the 
hippocampus. In C57 BL/6J mice, primary ciliary lengths in the 
DG, CA1, and CA3 regions increased significantly from 6 to 
15 months of age (CA1 and CA3: AC3/Mchr1 double-labeled, DG: 
AC3-labeled) (Kobayashi et al., 2022). Similarly, in aged male 
F344 x BN rats, AC3-labeled primary cilia in the CA1 and CA3 
hippocampal regions are longer compared to young rats, while no 
changes in the ciliation rates and ciliary length were observed in the 
neocortex and DG (Guadiana et al., 2016). 

Neuronal G protein-coupled receptors on 
the ciliary membrane and their functional 
impact

GPCRs localized to the ciliary membrane of neurons play critical 
roles in signaling. Notable GPCRs identified on primary cilia include 
MCHR1, SSTR3, and 5-HT6 receptor, which regulate processes such 
as memory, synaptic plasticity, and neuronal excitability (Domire 
and Mykytyn, 2009) (Figure 1).

MCHR1 is extensively found in the brains of mice and rats, 
showing a very similar distribution (Diniz et al., 2020). In the 
mouse brain, Mchr1 localizes to neuronal cilia across various regions 
(Green et al., 2012; Diniz et al., 2020). In the cerebral cortex, 
Mchr1 exhibits a layer-specific distribution that spans layers 2 to 
6 (Diniz et al., 2020). Its presence is particularly notable in the 
hippocampus, where Mchr1-positive primary cilia are abundant in 
the stratum pyramidale of the CA regions, showing the greatest 
density in CA1, a reduced density in CA2, and minimal presence 
in CA3 (Diniz et al., 2020). This pattern is mirrored in rats, where 
Mchr1 is prominent in the neuronal cilia of CA1, and CA3 regions, 
but not in the DG. Notably, nearly all cilia in the CA1 region 
that express AC3 also co-express Mchr1. The correlation is striking 
in the rat CA1 region, where over 87% of AC3-labeled neuronal 
cilia are also Mchr1-positive, whereas only about 2% of AC3-
labeled neuronal cilia in the DG co-express Mchr1. The length of 
Mchr1-bearing cilia also varies by region, being significantly longer 
in CA1 than in CA3 and the DG (Kobayashi et al., 2021). The 
trafficking of MCHR1 to the primary cilium is a tightly regulated 
process. Jouberin, encoded by the Abelson-helper integration site 
1 (AHI1), localized at the ciliary transition zone, is essential 
for this process in neurons. In Ahi1−/− mice, primary cilia are 
fewer but longer in the hippocampus, with reduced Mchr1 ciliary 
localization, though total Mchr1 levels and plasma membrane 
trafficking remain unaffected (Hsiao et al., 2021). The protein 
tubby is also involved for moving Mchr1 to the primary cilia 
of hippocampal neurons (Sun et al., 2012). MCHR1 signaling 
is involved in ciliary morphology alteration. In rat brain slices, 
treatment with melanin-concentrating hormone (MCH) induces 
Gi/o- and Akt-dependent shortening of cilia in the CA1 region, but 
not cilia in the CA3. Fasting for 48 h in C57 mice did not change 
Mchr1 mRNA expression level, but reduced cilia lengths in the CA1 
region (Kobayashi et al., 2021). In the mouse hippocampus (CA1 
and CA2), within the neuronal primary cilia, Mchr1 colocalizes 
and interacts with Sstr3 (Green et al., 2012), suggesting functional 
cross-talk between signaling pathways.
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FIGURE 1
G protein-coupled receptors (GPCRs) express at neuronal primary cilia. The neuronal primary cilium consists of the basal body, axoneme, and 
transition zone. Its microtubule architecture is highly diverse, with variable numbers of doublets along the ciliary shaft. Protein entry and exit are 
regulated by the transition zone and transition fibers, together with the intraflagellar transport (IFT) machinery, which mediates kinesin-2–dependent 
anterograde and dynein-2–dependent retrograde transport. The BBSome complex acts as a cargo adaptor for retrograde trafficking of transmembrane 
proteins, including GPCRs. Neuronal primary cilia can be visualized with markers such as adenylate cyclase 3 (AC3) and several ciliary GPCRs, including 
somatostatin receptor 3 (SSTR3), melanin-concentrating hormone receptor 1 (MCHR1), and 5-hydroxytryptamine receptor 6 (5-HT6 receptor). Created 
in BioRender.

Among the five somatostatin receptor subtypes, SSTR3 is unique 
for its selective localization to neuronal cilia (Schulz et al., 2000; 
Einstein et al., 2010; Wang et al., 2025). Tubby is reported to 
be essential for Sstr3 trafficking to primary cilia of neurons in 
the hippocampus and some cortical regions (Sun et al., 2012). In 
adult Wistar rat brains, Sstr3-marked cilia are present in several 
regions, including the cerebral cortex, the pyramidal layer of 
the hippocampal CA regions, and the granule cell layer of the 
DG (Händel et al., 1999). While an earlier study reported that 
Sstr3-knockout does not alter the number or overall structure 
of primary cilia in the CA1 region of mice (Einstein et al., 
2010), recent work by Wang et al. demonstrated that Sstr3 
specifically regulates ciliary length. Overexpression of Sstr3 in 
mouse primary hippocampal neurons elongated primary cilia in a 
dose-dependent manner, whereas knockdown markedly shortened 
them (Wang et al., 2025). Primary ciliary Sstr3 is essential for 
cognitive and synaptic function. Einstein et al. reported that Sstr3-
knockout mice exhibit significantly reduced basal cyclic adenosine 
monophosphate (cAMP) levels in the hippocampus, impaired 
object recognition memory with a longer retention interval (1 h), 
and disrupted forskolin-induced long-term potentiation (LTP) 
compared to wild-type mice (Einstein et al., 2010). Wang et al. 
provided similar evidence, showing that Sstr3 deletion impairs 
spatial memory in the Morris water maze, decreases LTP, reduces 
both the amplitude and frequency of miniature excitatory post-
synaptic currents (mEPSCs), and leads to loss of dendritic spines, 
affecting both the number and volume of mushroom spines in the 
CA1 region. Sstr3 also regulates axon initial segment (AIS) structure 
and plasticity: knockout shortens axon initial segment length and 

abolishes positional plasticity, while re-expression restores axon 
initial segment morphology. Similar axon initial segment length 
changes were observed upon manipulation of other ciliary proteins, 
including 5-HT6 receptor and Ift88. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis of wild-type mice and Sstr3-
knockout mice revealed that Sstr3 deletion significantly affects 
multiple regulatory pathways, including endocytosis, PI3K-Akt 
signalling, and cAMP signalling. These disruptions reduce Akt-
dependent cyclic AMP-response element binding protein (CREB)-
mediated transcription at the axon initial segment, specifically 
downregulating ankyrin G, the master organiser of the axon 
initial segment. Hippocampal neurons from Sstr3-knockout mice 
displayed diminished cilia-related calcium dynamics and took 
longer to reach peak response compared to wild-type neurons. Since 
calcium signalling reflects ciliary activity, these results suggest that 
Sstr3 is essential for ciliary function (Wang et al., 2025). Sstr3 
has also been observed to colocalize with the p75 neurotrophin 
receptor (p75NTR) in the primary cilia of cells in the cortex and 
hippocampus, with peak abundance in the DG (Chakravarthy et al., 
2010). However, the functional significance of their interaction 
remains to be explored.

The 5-HT6 receptor is primarily found on the ciliary membranes 
of neurons in the brain (Hamon et al., 1999; Brailov et al., 
2000; Sheu et al., 2022). Studies on 5-HT6 receptor knockout (5-
HT6KO) mice have yielded varied results in ciliary morphology. 
One study reported that primary cilia in the cortex, hippocampus, 
and striatum of 5-HT6KO mice were significantly shorter compared 
to wild-type mice (Dupuy et al., 2023). In contrast, another 
reported no change in the ciliary length of primary cilia in the 
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hippocampus of 5-HT6KO mice (Sun et al., 2021). Overexpression 
of homologous 5-HT6 receptors in primary cultured hippocampal 
neurons significantly increased cilia number and length, while 
knockdown only reduced ciliary length (Hu et al., 2017; Wang et al., 
2019). High levels of heterologous 5-HT6 receptor expression 
increased the receptor’s presence outside of the primary cilia without 
altering the morphology of the primary cilia (Brodsky et al., 2017). 
In primary striatal neurons from 5-HT6KO mice, reintroduction of 
5-HT6 receptors restored their primary ciliary localization without 
altering the overall ciliation rate, led to elongation of neuronal 
primary cilia, and significantly increased the average total dendritic 
length (Lesiak et al., 2018). Manipulating 5-HT6 receptor expression 
also affects axonal morphology. Overexpression of 5-HT6 receptors 
reduced axonal length to approximately 75% of that in wild-type 
neurons, whereas downregulation of 5-HT6 receptor expression 
led to increased axonal length (Wang et al., 2019). Loss of the 5-
HT6 receptor results in significant functional alterations, including 
increased action potential firing frequency and a shortened axon 
initial segment in hippocampal pyramidal neurons, as well as 
heightened anxiety and cognitive impairments in 5-HT6KO mice 
(Sun et al., 2021). Similarly, an independent study reported that 
modulation of 5-HT6 receptor expression regulates axon initial 
segment length in cultured mouse hippocampal neurons, with 
overexpression increasing and knockout decreasing axon initial 
segment length (Wang et al., 2025). Conversely, overexpression of 
5-HT6 receptors in mouse hippocampal neurons leads to decreased 
neuronal excitability, characterized by reduced peak amplitudes 
of single action potentials and fewer spikes compared to controls 
(Wang et al., 2019). Pharmacological studies have further explored 
the critical role of ciliary localization of the 5-HT6 receptor 
in its function. In cultured mouse striatal neurons, treatment 
with SB-399885 (5-HT6 receptor antagonist) shortened primary 
cilia with no impact on their ciliation. Crucially, this effect is 
absent in striatal neurons from 5-HT6KO, demonstrating that the 
drug’s effect is dependent on the presence of the receptor on 
the primary cilium. Treatment with WAY-208466 (5-HT6 receptor 
agonist) did not affect primary cilia length in cultured mouse 
striatal neurons (Brodsky et al., 2017). These studies collectively 
illustrate that the 5-HT6 receptor, acting from the primary cilium, 
serves as a regulator of neuronal structure, excitability, and function.

Alterations of primary cilia in AD 
mouse models

Although no studies have yet characterized primary cilia 
in postmortem human AD brain tissue, various transgenic 
mouse models have provided critical insights into primary ciliary 
alterations associated with AD pathology (Table 1; Figure 2).

Primary cilia length appears to be dynamically altered in 
response to Aβ plaque deposition, potentially reflecting a protective 
or compensatory mechanism against neurotoxic stress. In the 
brains of 12-month-old amyloid precursor protein/presenilin-1 
(APP/PS1) and 4-month-old 5 × FAD mice, AC3-labeled neuronal 
primary cilia are significantly shorter in regions adjacent to Aβ 
plaques compared to more distant areas. In the hippocampal CA1 
region of both models, neuronal primary cilia length gradually 

increases with age but ceases to elongate following the onset of Aβ 
accumulation (Guo et al., 2025).

Expression changes in primary cilia-localized GPCRs further 
highlight potential signaling dysregulation in AD mouse models, 
which may link ciliary alterations to broader pathological cascades. 
In APP/PS1 mice, hippocampal neurons exhibited elongated 
primary cilia with elevated expression of the ciliary 5-HT6 receptor. 
Notably, treatment with the 5-HT6 receptor antagonist SB-271046 
ameliorated cognitive deficits in APP/PS1 mice (Hu et al., 2017), 
suggesting that dysregulated ciliary signaling may contribute to 
memory impairments. Similarly, Sstr3 expression was significantly 
elevated in the hippocampus of 12-month-old APP/PS1, 5 × FAD, 
and 3 × Tg mice relative to wild-type controls (Guo et al., 2025).

Aging effects on primary cilia in AD mouse models diverge 
from those in wild-type mice, indicating that AD pathology 
may override normal age-related ciliary dynamics, potentially 
accelerating neuronal vulnerability. For instance, APPNL−G−F 
mice showed no age-dependent elongation of neuronal primary 
cilia in the CA1 or CA3 regions, unlike wild-type mice 
(Kobayashi et al., 2022). Similarly, Chakravarthy et al. reported 
that the length of Sstr3-labeled cilia in hippocampal granule cells 
remains unchanged in APPswe/PSEN1dE9 (6–8 months) and Tau 
P301S (3–4 months) mice compared to age-matched wild-type 
controls, whereas 3xTg mice exhibit significantly shorter cilia 
across multiple ages (6–24 months), pointing to model-specific 
disruptions (Chakravarthy et al., 2012).

Primary cilia alterations extend beyond neurons to 
immune cells, underscoring a potential role in AD-associated 
neuroinflammation that may integrate with other pathological 
features. In 6-month-old 5xFAD mice, AC3-positive microglial 
primary cilia were significantly reduced in the lateral septum 
and absent in the cortex, with microglia in the lateral septum 
exhibited shorter primary cilia compared to age-matched wild-
type controls (Yeo et al., 2023). Further evidence from Baek et al. 
demonstrated that, 1 day after intracerebroventricular injection of 
lipopolysaccharide (LPS) in C57BL/6 mice, there was a reduction 
in both the length of AC3-labeled primary cilia and the expression 
of Arl13b in the hippocampus, accompanied by increased levels of 
inflammatory mediators, including Cox2 and iNOS. In contrast, 
toll-like receptor 4 (Tlr4) knockout mice show increased primary 
ciliary length and elevated Arl13b expression following LPS 
administration, without significant changes in Cox2 and iNOS 
levels. Similar effects occur in vitro: HT22 hippocampal cells exhibit 
shortened primary cilia after just 1 h of LPS exposure, with marked 
Arl13b reduction after 6 h, while LPS does not significantly alter 
Arl13b expression level in primary neurons from Tlr4−/− mice. In 
kinesin family member 3A (Kif3a) knockdown HT22 cells, 24-h 
LPS exposure fails to elicit an inflammatory response but results in 
a slight increase in Arl13b expression (Baek et al., 2017), suggesting 
that intact primary ciliary signaling may be required for efficient 
neuroinflammatory activation.

Emerging evidence also implicates primary cilia in protein 
clearance mechanisms, suggesting a speculative link to AD’s 
hallmark protein accumulations and cellular stress responses. 
In 5xFAD mice, macrophage migration inhibitory factor (MIF) 
localizes to both dystrophic axons near Aβ plaques and to the basal 
end of AC3-positive cilia in the hippocampus. The accumulation 
of MIF around the nucleus, together with ubiquitin, implies 
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FIGURE 2
Changes in primary cilia across different cell types in AD models. This schematic highlights key changes in primary cilia among various cell types in AD 
models. Neurons experience age-related primary ciliary elongation, which is halted by Aβ accumulation. Treatment with Aβ1-42 reduces primary ciliary 
length, while tau overexpression does not influence primary cilia length or ciliation rate. Neuronal exposure to LPS also causes primary ciliary 
shortening. Microglia show decreased primary ciliary length and fewer primary cilia in 5xFAD. Astrocytes have longer primary cilia after LPS treatment, 
but their ciliation rate remains unchanged. These findings emphasize that primary cilia remodeling in AD is specific to cell type and context. Created in 
BioRender.

that primary cilia may facilitate neuronal clearance processes, 
potentially contributing to axonal dystrophy and extracellular 
vesicle accumulation within axonal spheroids (Jang et al., 2023).

Taken together, these studies suggest that primary cilia undergo 
context-dependent remodeling in AD models, which may serve as 
a marker of local pathological stress or a functional modulator of 
neuronal and glial responses. Whether these changes are protective, 
maladaptive, or a combination of both remains unresolved, but the 
accumulating evidence highlights primary cilia as active participants 
in AD pathogenesis, warranting further investigation into their 
mechanistic roles and therapeutic potential.

The role of primary cilium in aging, 
cognition, and AD pathogenesis

Primary cilia have emerged as multifunctional organelles 
involved in proteostasis, neuroinflammation, and cognitive 
processes, thereby intersecting with multiple aspects of AD 
pathogenesis.

Aging is well established as a major risk factor for AD. 
Rivagorda et al. reported that the age-related decline in autophagy 
machinery in hippocampal neurons, which contributes to memory 

deficits, is associated with a marked reduction in primary cilium 
components, including Ift20, Ift88, and Kif3a, at both the mRNA 
and protein levels in the hippocampus of aged (16-month-old) 
C57 mice. Restoration of Ift20 expression in the hippocampus 
was sufficient to enhance autophagy activity in the CA3 region 
and reverse age-related cognitive deficits. Complementing these 
findings, the osteocalcin receptor GPR158 was found to be 
localized to the primary cilium of hippocampal neurons, where 
it mediates osteocalcin-regulated autophagy. Mechanistically, this 
effect depended on a primary cilium-CREB signaling pathway. 
Together, these findings emphasize the primary cilium–autophagy 
axis as a signaling route between blood-borne factors and neurons, 
providing new insight into the mechanisms underlying age-related 
cognitive decline (Rivagorda et al., 2025).

Disruption of primary cilia-related proteins across diverse brain 
cell types—including neurons, glia, and neural stem cells—results 
in cognitive deficits (Tables 2, 3). Hippocampal and cortical 
neuron-specific Ift88 knockdown selectively impairs aversive 
and recognition memory while sparing spatial memory, and is 
accompanied by increased paired-pulse facilitation without changes 
in LTP, as shown by field excitatory postsynaptic potential recordings 
(Berbari et al., 2014). Beyond neurons, IFT88 is also critical in glial 
cells: astrocyte-specific Ift88 knockout prevents the induction of 
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TABLE 2  Primary cilium-related genes and their functional roles in different cell.

Cell type Primary 
cilium-related 

genes

Genetic 
manipulation

Experimental 
models

Functional outcomes Ref.

Neuron

Ift88 knockdown

Primary mouse 
hippocampal neuron

• CD63-positive extracellular vesicle 
containing Aβ release↓

Jang et al. (2023)

Microglia BV2 • Microglial activation markers↓
• Phagocytic activity↑
• Aβ-containing EV release↑

Yeo et al. (2023)

Astrocyte Primary mouse 
astrocyte

• Cytokine mixture (IL-1α, TNFα, and 
C1q)- or LPS-induced C3-positive 
astrocytes↓

Muhamad et al. 
(2024)

Neuron

Sstr3 knockout Sstr3−/− × 5 × FAD

• Apoptosis↑ in CA1 region
• Number of swollen axonal structures 

surrounding Aβ plaques↑

Guo et al. (2025)

Microglia • Activation↑ in CA1 region
• Aggregation around Aβ↓

Neural 
stem/progenitor cells

Ift20 knockout Ift20flox/flox under 
control of the 
mGFAP-Cre

• AC3-marked primary cilia in radial 
neural stem cells↓

• Amplifying progenitor proliferation↓ in 
hippocampal DG

• Quiescent progenitors or radial neural 
stem cells are not affected

Amador-Arjona et al. 
(2011)

C3-positive astrocytes by LPS or cytokine mixture (IL-1α, TNFα, 
and C1q) and protects against LPS-induced cognitive impairment 
observed in wild-type mice (Muhamad et al., 2024). Consistently, 
global Ift88 knockout mice exhibit broad neurological impairments, 
including learning deficits, sleep architecture alteration, reduced 
electroencephalogram power, and diminished phase-amplitude 
coupling (Strobel et al., 2025). Other cilia-related proteins also 
impact memory. Knockout of AC3 impairs memory for temporally 
dissociative passive avoidance but does not affect contextual fear 
memory and short-term memory for novel object recognition 
(Wang et al., 2011). Conditional postnatal ablation of Ift20 in mature 
dentate granule cells impairs hippocampus-dependent contextual 
memory and enhances LTP at mossy fiber synapses, a phenotype 
also observed with Kif3a disruption models (Rhee et al., 2016). 
Additionally, Ift20 deletion in adult GFAP+ neural stem/progenitor 
cells reduces AC3-marked primary cilia in radial neural stem cells 
and decreases amplifying progenitor proliferation in hippocampal 
DG, without affecting quiescent progenitors or radial neural stem 
cells. This correlates with impaired spatial novelty recognition 
and heightened hippocampus-independent cue conditioning 
responses (Amador-Arjona et al., 2011). Collectively, these findings 
underscore the indispensable role of primary ciliary proteins in 
cognitive processes.

Primary cilia have been implicated in the regulation of 
extracellular vesicle (EV) transport, which is critical for the 
clearance of Aβ. Disruption of primary cilia by Ift88 knockdown 
in primary hippocampal neurons reduced CD63-positive EV 

release, resulting in intracellular Aβ accumulation and enhanced 
extracellular Aβ uptake, thereby linking primary ciliary dysfunction 
to AD pathology (Jang et al., 2023). In microglia, Ift88 knockdown 
reduced activation potential, enhanced phagocytic activity, and 
promoted Aβ-containing EV release, linking primary ciliary 
function to neuroinflammatory responses (Yeo et al., 2023). 
Together, these findings suggest that ciliary dysfunction may impair 
cooperative mechanisms of Aβ clearance across neuronal and glial 
compartments.

Ciliary morphology is directly influenced by amyloid pathology. 
Consistent with findings from AD model mice, in vitro data show 
that Aβ reduces primary cilia length. Exogenous Aβ1–42 exposure 
shortened the primary cilia of cultured mouse neurons without 
affecting the ciliation rates, whereas tau overexpression does not 
alters ciliary length or ciliation rate (Guo et al., 2025), suggesting 
a selective vulnerability to Aβ. Intriguingly, hippocampal neurons 
derived from multiple transgenic AD mouse models (APP/PS1, 
5 × FAD, and 3 × Tg) exhibit elongated cilia during early in 
vitro development (Day 7), even before detectable Aβ deposition 
or altered secretion (Guo et al., 2025). This temporal dissociation 
suggests that primary ciliary remodeling may represent an early 
event preceding overt amyloid pathology.

Functional study suggests that primary ciliary GPCRs play 
a role in regulating plaque pathology. In offspring of Sstr3
knockout mice crossed with 5 × FAD mice (Sstr3−/− × 5 × FAD, 
4 months old), the loss of the primary ciliary-localized receptor 
Sstr3 worsened Aβ accumulation, increased hippocampal neuronal 
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TABLE 3  Primary cilium-related genes and their cognitive and pathological roles in mouse models.

Genes Genetic models Cognitive impacts Roles in AD 
pathology

Ref.

Sstr3 Sstr3−/− × 5 × FAD Not studied • Aβ aggregation↑ Guo et al. (2025)

Ift88

Knockout mice • Learning deficits
• Electroencephalogram power↓ and diminished 

phase-amplitude coupling

— Strobel et al. (2025)

Hippocampal and cortical 
neuron-specific knockdown mice

• Aversive and recognition memory impaired
• Paired-pulse facilitation ↑ with no 

changes in LTP

— Berbari et al. (2014)

Astrocyte-specific knockout mice • LPS-induced cognitive impairment↓ — Muhamad et al. (2024)

AC3 Knockout mice • Memory for temporally dissociative 
passive avoidance↓

• Contextual fear memory and short-term 
memory for novel object recognition 
not affected

— Wang et al. (2011)

Kif3a Expression of a dominant negative 
Kif3a in mature dentate granule 

cells in mice, via stereotaxic 
injection of AAV9-DIO-dnKif3A 

into adult dentate gyrus

• Hippocampus-dependent contextual memory↓
• LTP at mossy fiber synapses↑

—

Rhee et al. (2016)

Ift20

Postnatal deletion: IFT20 foxl/flox

mice stereotaxically injected with 
AAV-CaMKII-eGFP-Cre virus at 

adult dentate gyrus

• Hippocampus-dependent contextual memory↓
• LTP at mossy fiber synapses↑

—

Ift20flox/flox under control of the 
mGFAP-Cre

• Spatial novelty recognition↓
• Hippocampus-independent cue 

conditioning responses↑

— Amador-Arjona et al. (2011)

Aged C57 mice (16-month-old) • Autophagy machinery↓ in 
hippocampal neurons

• Memory deficits
• Restoring Ift20 levels in the hippocampus 

enhanced autophagy activity in the CA3 region 
and reverse age-related cognitive deficits

— Rivagorda et al. (2025)

apoptosis, and heightened microglial reactivity in the CA1 region. 
However, paradoxically, it reduced microglial clustering around Aβ 
plaques compared to 5 × FAD controls (Guo et al., 2025). This 
highlights that primary cilia-dependent GPCR signaling is involved 
in neuroimmune dynamics in AD.

Growing evidence indicates that primary cilia influence 
diverse pathological processes in AD—ranging from tau pathology 
and cerebrospinal fluid dysregulation to cellular responses to 
hypoxia—that collectively contribute to disease progression. Tau 
pathology, characterized by abnormal hyperphosphorylation and 
aggregation of tau protein, is a central hallmark of AD. The 
neurotrophin receptor p75NTR, which mediates Aβ-induced tau 
phosphorylation, may act in part through the primary ciliary 
compartment, suggesting a role for primary cilia in modulating tau-
related signaling pathways (Chakravarthy et al., 2010; Shen et al., 

2019). Disruption of CSF dynamics, which impairs the clearance 
of metabolic waste and Aβ, has also been implicated in AD. 
In the choroid plexus epithelium, primary cilia act as clustered 
chemosensors that regulate CSF production, and the neuropeptide 
FF receptor 2, localized to primary cilia, modulates fluid transcytosis 
in these cells (Narita et al., 2010). Cellular responses to hypoxia, 
another contributing factor in AD pathogenesis, are also linked to 
ciliary function. Under hypoxic conditions, neuronal primary cilia 
elongated and exhibited increased levels of Ift88 while hypoxia-
inducible factor-2α accumulates within the primary cilium and 
interacts with Ift88 (Leu et al., 2023). In rat models of chronic 
cerebral hypoperfusion—a hypoxia-related condition—astrocytic 
primary cilia are shortened, but physical exercise restores ciliary 
length and density (Cao et al., 2022). Together, these findings suggest 
that primary cilia play diverse roles across multiple AD-related 
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pathologies. However, direct studies in AD models remain limited, 
highlighting a significant knowledge gap and the need for further 
mechanistic investigation.

Discussion and conclusion

Primary cilia are dynamic organelles that coordinate signaling, 
inter-organelle communication, and extracellular interactions 
across neurons, glia, and choroid plexus epithelial cells. They 
exhibit notable morphological diversity—including variations in 
length, spatial distribution, and microtubule architecture—which 
is further influenced by age, brain region, and cell type. Primary 
ciliary-localized GPCRs and other signaling proteins regulate key 
neural processes such as memory, synaptic plasticity, and neuronal 
excitability, yet the mechanistic consequences of their precise ciliary 
positioning remain incompletely understood.

In the context of AD, primary cilia are increasingly recognized 
as key players in disease-related processes. In transgenic AD 
models, neuronal and glial cilia exhibit region- and cell-type-
specific morphological alterations, ranging from elongation to 
shortening, often associated with AD-linked genetic mutations 
(Table 1). Separately, disruption of ciliary components or signaling 
proteins—including Ift88, Ift20, Kif3a, and ciliary GPCRs—induces 
structural changes that are accompanied by impaired Aβ clearance, 
altered neuroinflammatory responses, and cognitive deficits 
(Tables 2, 3). Mechanistic evidence indicates that these effects 
involve ciliary GPCR signaling, autophagy-related pathways, 
and inter-organelle communication, particularly via extracellular 
vesicle trafficking, highlighting the central role of primary cilia in 
coordinating cellular functions relevant to AD pathology. These 
findings position primary cilia not merely as structural organelles 
but as active modulators of the interplay between Aβ accumulation, 
neuroinflammation, and neural circuit dysfunction. APP, which 
is cleaved by β- and γ-secretases to generate Aβ, has been shown 
to localize to primary cilia in NIH3T3 and HeLa cells (Vorobyeva 
and Saunders, 2018; Chebli et al., 2021). However, whether APP 
similarly localizes to primary cilia in brain-resident cells remains 
unclear. A deeper understanding of primary ciliary function 
across diverse AD models may reveal novel therapeutic targets for
intervention.

Beyond Aβ pathology, primary cilia intersect with multiple 
AD-relevant processes, including tau signaling, cerebrospinal 
fluid regulation, autophagy, and cellular responses to hypoxia, 
reflecting their broad functional involvement. Primary cilia also 
engage in dynamic interactions with other cellular organelles, 
shaping cellular function under both physiological and pathological 
conditions. For example, astrocytic mitochondrial dysfunction 
disrupts ciliary structure (Ignatenko et al., 2023), and extracellular 
vesicles released from primary cilia carry biomarkers—such as 
NADPH-cytochrome P450 reductase, Topoisomerase II Alpha, 
and CD151—that interact with AD-related proteins including 
APP, Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1, and 
Cathepsin B (Mohieldin et al., 2021). These observations suggest that 
primary cilia act not only as sensory hubs but also as mediators of 
inter-organelle crosstalk, potentially maintaining neuronal integrity 

and modulating neurodegenerative processes. Nevertheless, many 
findings remain correlational, and it is unclear whether ciliary 
remodeling represents a causal driver or a compensatory response 
to cellular stress. Discrepancies across models, differences between 
neuronal and glial cilia, and limited validation in human brain tissue 
further highlight the need for cautious interpretation. Collectively, 
these data indicate that primary cilia contribute to AD through 
diverse mechanisms, underscoring the need for further mechanistic 
studies to clarify their molecular roles and therapeutic potential.

Despite these gaps, primary cilia emerge as integrative hubs that 
coordinate intracellular signaling, inter-organelle communication, 
and extracellular interactions, thereby influencing cognitive 
function and modulating neurodegenerative processes. Future 
research should focus on: (1) dissecting cell-type- and brain region-
specific ciliary mechanisms, including the role of individual ciliary 
proteins; (2) clarifying the temporal sequence of ciliary remodeling 
relative to amyloid and tau pathology and other AD-related 
stressors; and (3) evaluating the therapeutic potential of cilia-
targeted interventions in translational and human-relevant models. 
Addressing these questions will be essential to establish whether 
primary cilia act as causal drivers, compensatory responders, 
or both in AD pathogenesis, and may ultimately reveal novel 
strategies for modulating neurodegeneration through ciliary
pathways.
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