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Abstract Primary cilia are a class of cilia that are typi-
cally solitary, immotile appendages present on nearly every
mammalian cell type. Primary cilia are believed to perform
specialized sensory and signaling functions that are
important for normal development and cellular homeosta-
sis. Indeed, primary cilia dysfunction is now linked to
numerous human diseases and genetic disorders. Collec-
tively, primary cilia disorders are termed as ciliopathies
and present with a wide range of clinical features, includ-
ing cystic kidney disease, retinal degeneration, obesity,
polydactyly, anosmia, intellectual disability, and brain
malformations. Although significant progress has been
made in elucidating the functions of primary cilia on some
cell types, the precise functions of most primary cilia
remain unknown. This is particularly true for primary cilia
on neurons throughout the mammalian brain. This review
will introduce primary cilia and ciliary signaling pathways
with a focus on neuronal cilia and their putative functions
and roles in human diseases.
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Introduction to cilia

Cilia within the mammalian body are generally classified
as either motile or primary. Motile cilia are mainly
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responsible for generating flow or movement, and include
respiratory cilia, ependymal cilia, oviduct cilia, and
sperm flagella. Primary cilia are typically immotile and
function principally as sensory organelles. These func-
tional classifications are not mutually exclusive, as
subsets of primary cilia on the embryonic node are
motile and generate flow [1], and motile respiratory cilia
also possess sensory functions [2, 3]. All cilia are com-
prised of a microtubule core called an axoneme that is
nucleated by a basal body, which is a specialized cen-
triole that has migrated to the ciliary assembly site, and
is linked to the plasma membrane by transition fibers
(Fig. 1). In general, the axonemal structure of motile cilia
consists of nine outer microtubule doublets and two
centrally located microtubule singlets (“9+27; Fig. 1).
The axonemal structure of primary cilia consists of only
the nine outer microtubule doublets (“94-0”; Fig. 1).
However, there are exceptions, such as “940” motile
cilia on the embryonic node and “9+42” immotile cilia
on olfactory neurons.

Proteins are not synthesized within the cilium. There-
fore, the structural proteins required to build and maintain
the cilium, as well as the signaling proteins required for
cilia function, are synthesized in the cell body and trans-
ported into and out of the cilium. This transport is mediated
by a highly conserved mechanism known as intraflagellar
transport (IFT) [4-6]. IFT is a bidirectional microtubule-
based transport process in which complexes of proteins
called IFT particles are transported by molecular motors
along the axonemal outer doublet microtubules from the
base of the cilium to the distal tip and then back to the cell
body [4-6]. IFT is required for the formation and mainte-
nance of all mammalian cilia, and defective IFT is
associated with severe diseases and developmental defects
[7-10].
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Fig. 1 Schematic of cilia structure and examples of motile and
primary cilia. a Membrane and cytosolic proteins destined for the
ciliary compartment are transported in Golgi-derived vesicles and
exocytosed at the base of the cilium where they associate with
intraflagellar transport (IFT) particles. The transition fibers form a
selective barrier to the ciliary compartment and only proteins
containing specific ciliary targeting motifs are allowed access.

As the axoneme is assembled, it projects from the cell
and becomes ensheathed by a membrane that is continuous
with the plasma membrane [11]. The transition fibers act as
a selective barrier allowing only specific proteins to
localize within the cilium and on the ciliary membrane. It
has been proposed that proteins destined for the cilium
accumulate at the site where the transition fibers contact
the membrane and are then assembled into IFT particles
before transport into the cilium [5, 12]. Although this
process is not well understood, a number of ciliary tar-
geting sequences have been identified that appear to
mediate ciliary localization of specific proteins [13, 14].
Importantly, the functions of cilia are defined by the sig-
naling proteins enriched within the ciliary compartment,
and there is diversity in the complement of signaling
proteins enriched in cilia on different cell types.

Ciliary signaling pathways

Primary cilia mediate numerous signaling pathways
throughout the mammalian body in response to a diverse
set of sensory stimuli. In general, cilia mediate chemo-,
photo-, and mechanotransduction. Olfactory cilia on
olfactory sensory neurons (OSNs) are an example of
chemosensory cilia that directly sense odorants from the
environment (Fig. 2a). Each OSN possesses 10-30 olfac-
tory cilia that protrude through the olfactory epithelium
into the nasal cavity and contain the signaling molecules
and downstream effectors needed for olfaction [15, 16].

Following entry into the cilium, proteins are transported along the
axoneme. Cross-sections show the typical microtubule structures of
motile and primary cilia. b Scanning electron micrograph showing
numerous motile cilia protruding from epithelial cells of a mouse
trachea. Scale bar 5 pm. ¢ Scanning electron micrograph showing
solitary primary cilia (arrowheads) projecting from mouse renal
epithelial cells lining the nephron. Scale bar 5 pm

The olfactory signal transduction cascade begins with an
odorant binding to an olfactory G protein-coupled receptor
(GPCR) on the ciliary membrane, which triggers the acti-
vation of the stimulatory G protein (Geolf). The G protein
activates type III adenylyl cyclase (ACIII), which increases
adenosine 3', 5’-cyclic monophosphate (cAMP) within the
cilium. An increase in cAMP levels leads to the activation
and opening of cyclic nucleotide-gated (CNG) channels,
allowing for the influx of calcium ions. The increase in
intracellular calcium leads to the activation and opening of
Ca+2—gated chloride channels, resulting in an efflux of
chloride ions further depolarizing the neuron [17, 18]. The
absence of cilia on olfactory sensory neurons or the mi-
slocalization of signaling molecules has been implicated in
human diseases resulting in an altered sense of smell [15].
For example, the ciliopathies Bardet-Biedl syndrome
(BBS) and Leber congenital amaurosis (LCA) can be
associated with severely impaired olfactory function [19—
21]. Mouse models of these diseases show that lack of BBS
proteins leads to disruption of olfactory cilia structure [20],
while the lack of CEP290, the protein disrupted in LCA,
leads to the selective loss of G proteins in the cilia of
olfactory sensory neurons resulting in a lack of signaling
[21].

Phototransduction in the eye is mediated in the outer
segments of photoreceptors [22] (Fig. 2b). The outer seg-
ment is a highly modified cilium packed with membrane
disks full of visual pigments that are composed of a vitamin
A-based chromophore and opsin, which is a prototypical
GPCR. Upon light activation, opsin activates the G protein
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Fig. 2 Examples of ciliary chemo-, photo-, and mechanotransduc-
tion. a Schematic of a single olfactory sensory neuron. Boxed region
of interest is magnified and illustrates the ciliary signaling pathway.
Odorant activation of olfactory G protein-coupled receptors (GPCRs)
results in an increase in cAMP levels, which is mediated by type 3
adenylyl cyclase (ACII). This results in activation of cyclic
nucleotide-gated (CNG) channels leading to an increase in Ca*"
levels, subsequent activation of chloride channels, and depolarization
of the neuron. b Schematic of a photoreceptor, which is comprised of
an inner and outer segment that are connected by a “9+4-0” connecting
cilium. Proteins are synthesized in the inner segment and transported
by IFT across the connecting cilium to the outer segment, which is a
highly modified cilium, where they mediate phototransduction.
¢ Schematic of a renal cilium demonstrating Ca>* signaling mediated
by the ciliary proteins polycystin 1 (PC1) and polycystin 2 (PC2) in
response to bending of the cilium by fluid flow. Renal cilia may also
act as chemosensors by mediating vasopressin activation of the type 2
vasopressin receptor (V2R) on the ciliary membrane, which in turn
modulates cAMP-signaling

transducin, which then stimulates a phosphodiesterase that
hydrolyzes cyclic GMP (cGMP) to GMP. This light-
induced reduction in cGMP levels causes cGMP-gated

channels to close, thereby hyperpolarizing the cell. Similar
to other cilia, proteins needed to sense and respond to
visual light cues are synthesized in the inner segment and
transported along the “9+0” connecting cilium to the outer
segment via IFT (Fig. 2b). A unique aspect of signaling in
the outer segments is the high turnover of signaling pro-
teins. It has been estimated that 2,000 opsin molecules and
0.1 pm? of membrane are transported across the connect-
ing cilium every minute [23]. Mouse models have also
confirmed that IFT is critical for proper photoreceptor
development and maintenance [24, 25]. Thus, photore-
ceptor maintenance and phototransduction are particularly
susceptible to defects in IFT, which may explain why
retinal degeneration is such a common feature across the
ciliopathies [26].

Mechanosensation is mediated by primary cilia on a
variety of cell types, including renal epithelial cells [27,
28], embryonic nodal cells [29], endothelial cells [30, 31],
cholangiocytes [32], chondrocytes [33], and smooth muscle
cells [34]. In the kidney, bending of renal epithelial cilia by
fluid flow generates an intracellular calcium signal [27].
The calcium signal is facilitated by polycystin-1 (PC1) and
polycystin-2 (PC2), which localize to primary cilia and
form a mechanosensitive Ca>* channel [35] (Fig. 2¢). The
absence of cilia on renal tubule cells or the loss of PC1 or
PC2 from renal cilia can result in altered ciliary signaling
and polycystic kidney disease (PKD) [35-38]. Interest-
ingly, loss of cilia on a kidney cell line results in
unregulated calcium entry into the cell [38], suggesting that
ciliary localization is necessary for proper regulation of the
polycystin complex. There is also evidence that renal cilia
mediate chemosensation (Fig. 2c). Recently, the type 2
vasopressin receptor (V2R) was found to localize to cilia
on renal epithelial cells [39]. V2R is a GPCR that regulates
Na® and water reabsorption in the mammalian nephron.
Interestingly, V2R functionally couples with type V/VI
adenylyl cyclase in the cilium and vasopressin treatment of
isolated renal cilia results in localized production of cAMP
and cAMP-dependent activation of cation-selective chan-
nel activity [39]. Thus, in response to vasopressin, renal
cilia mediate a cAMP-signaling pathway that targets ciliary
channel function. These findings are particularly relevant to
polycystic kidney disease as increased renal cAMP levels
are a common feature of animal models of PKD [40] and
treatment with V2R antagonists inhibits cyst formation [41,
42]. Thus, renal epithelial cilia may act as mechano- and
chemosensors and disruption of either signaling pathway
results in cystic kidney disease, a common feature across
ciliopathies.

Primary ciliary signaling also plays critical roles in a
number of important mammalian developmental signal
transduction pathways, including Hedgehog (Hh) signaling
[43, 44]. The Hh signaling pathway is essential for normal
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patterning of multicellular embryos and the development of
a myriad of tissues and organs [45]. It also functions in
postembryonic development and adult tissue homeostasis
[45]. Disruptions in Hh signaling can cause severe devel-
opmental abnormalities in mice and humans, including
neural tube defects, polydactyly, holoprosencephaly, cra-
niofacial defects, and skeletal malformations [46]. The
transduction of Hh signaling in cells is mediated by the
interactions between the 12-transmembrane Hh receptor
patched (Ptc) and the 7-transmembrane GPCR smoothened
(Smo). The importance of cilia for Hh signal transduction
was first recognized by the discovery that during embryo-
genesis IFT is required for the specification of ventral cell
types in the mouse neural tube [47-49]. Subsequent studies
revealed that Ptc localizes to primary cilia in the absence of
Hh stimulation and inhibits Smo by preventing it from
accumulating in cilia [50]. Upon Hh activation, Ptc leaves
the cilium and Smo accumulates in the cilium [50, 51].
Smo then activates signaling at the distal tip of the cilium
where the Gli transcription factors are localized [52]. Thus,
cilia are required to coordinate the signaling components of
the Hh pathway. Cilia-mediated Hh signaling has now been
demonstrated in a variety of embryonic and adult cell
types. For example, disruption of cilia on the developing
limb bud abrogates Hh signaling and leads to alterations in
digit number [48, 52, 53], which may explain the presence
of polydactyly in ciliopathies such as BBS and Meckel—
Gruber syndrome (MKS). In the postnatal brain, cilia-
mediated Hh signaling is required for the expansion and
establishment of neural precursor cells in the postnatal
hippocampus (a process that is thought to be important for
learning and memory) [54-56] and cerebellum [54, 57, 58].
Disruption of cilia on cerebellar neural precursors results in
severe hypoplasia and abnormal foliation of the cerebel-
lum. Interestingly, several ciliopathies, including Joubert
syndrome, MKS, and Oro-facio-digital syndrome 1, are
associated with cerebellar malformations [59], suggesting
these features are the result of defective cilia-mediated Hh
signaling in the developing cerebellum.

There are important conclusions that can be drawn from
these examples of ciliary signaling pathways. It is clear that
cilia coordinate specialized signaling and that their func-
tions are determined in large part by the specific signaling
proteins that are enriched in the ciliary compartment
(Fig. 3a). Loss of ciliary signaling proteins or cilia struc-
ture disrupts ciliary signaling and can cause diseases
(Fig. 3b, c). Finally, although there is great diversity in the
functions of different cilia, there is apparent conservation
between different ciliary signaling pathways, including the
utilization of Ca2+, GPCR, cyclic-nucleotide, and ionic
signaling. This conservation may provide great insights
into the ciliary signaling pathways mediated by cilia on
other cell types, such as post-mitotic neurons in the brain.
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Fig. 3 Model of ciliary signaling disruption. a Signaling proteins are
enriched in the cilium where they coordinate cilia-specific signaling
that is transmitted to the cell. Two examples of ciliary signaling
pathways are illustrated; PC1- and PC2-mediated Ca>" signaling and
GPCR-mediated cAMP-signaling. b Disruption in trafficking of
signaling proteins (indicated by X) into the ciliary compartment leads
to loss of a cilia-specific signal. Ciliary receptors that are not
trafficked to the cilium may accumulate in intracellular vesicles or
mislocalize on the cell membrane (indicated by ?), possibly resulting
in a gain of signal. ¢ Defects in cilia structure prevents proper
localization of ciliary signaling proteins (indicated by X) and leads to
loss of a cilia-specific signal. Ciliary receptors that are not trafficked
to the cilium may accumulate in intracellular vesicles or mislocalize
on the cell membrane (indicated by ?), possibly resulting in a gain of
signal

Cilia on central neurons

It has been more than 50 years since ultrastructural studies
identified “9+0” cilia connecting the inner and outer
segments of photoreceptors [60]. This was the first example
of neuronal primary cilia and was followed shortly there-
after by observations of primary cilia on adult neurons in
the preoptic nucleus of the goldfish [61] and granular
neurons in the rat cerebral cortex [62]. At the time, it was
hypothesized that neuronal cilia were either sensory
organelles analogous to connecting cilia or vestigial
appendages that were formed simply because of an innate
tendency of centrioles to form cilia [62]. The first hint as to
a function for neuronal cilia arose from the discovery just
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over 10 years ago that somatostatin receptor subtype 3
(Sstr3) selectively localizes to neuronal cilia throughout the
rat brain [63]. The presence of a particular receptor enri-
ched on the neuronal ciliary membrane suggested at least
some neuronal cilia function as chemosensors of the
extracellular milieu. Indeed, this was further supported by
the subsequent findings that serotonin receptor 6 [64, 65]
and melanin-concentrating hormone receptor 1 [66, 67] are
enriched on neuronal cilia. The discovery of Sstr3 ciliary
localization also provided the first marker for selectively
labeling neuronal cilia. The marker for cilia on most cell
types, acetylated tubulin, is not specific for neuronal cilia
and labels neuronal processes and cell bodies. Labeling for
Sstr3 revealed for the first time the abundance and wide-
spread distribution of neuronal cilia (Fig 4). Indeed, recent
immunohistological studies support the assertion that most
neurons in the mammalian brain possess a primary cilium
[63, 68, 69]. The recognition that neuronal cilia were
widespread and enriched for specific receptors, combined
with the link between cilia dysfunction and human disease,
sparked a renewed interest in understanding the functions
of these organelles in the brain [69, 70].

The ligand for Sstr3, somatostatin, is a widely distrib-
uted neurotransmitter and modulator of neural activity that
can affect many physiological processes in the brain, such
as motor activity and cognitive function [71-74]. Altered

Fig. 4 Localization of
somatostatin receptor subtype 3
(Sstr3) to neuronal cilia.

a,b Images of a day 7 mouse
hippocampal neuron
immunolabeled with antibodies
to Sstr3 (red) and type 3
adenylyl cyclase (ACIII; green).
¢ Merged image demonstrating
colocalization of Sstr3 and
ACIII to neuronal cilia. Nuclei
were stained with DRAQS
(blue) and the cilium is
indicated with arrows. Scale bar
5 pm. d Adult mouse brain
section corresponding to the
CA3 region of the hippocampus
immunolabeled with an
antibody to Sstr3 (green). Note
the abundance of Sstr3-positive
cilia. Nuclei were stained with
DRAQS (blue). (All images
courtesy of Nicolas Berbari,
University of Alabama,
Birmingham, AL, USA)

somatostatin signaling has been implicated in depression,
dementia, and general cognitive impairment [74]. The
effects of somatostatin are mediated by at least five
somatostatin receptor subtypes (Sstrl-5) that are all
GPCRs. Interestingly, only Sstr3 localizes to neuronal cilia,
even in neurons coexpressing Sstr3 and other somatostatin
receptors [75]. Furthermore, Sstr3 appears to be restricted
to neuronal cilia, with the exception of the cerebellar cortex
where Sstr3 localization to neuronal processes is seen. This
suggests that Sstr3 signaling is predominantly mediated by
the cilium. However, it is possible that Sstr3 also localizes
to the cell membrane, but it is difficult to detect because it
is present at such a low level or is diffusely localized.
Nevertheless, given the prevalence and distribution of Sstr3
ciliary localization in the brain, somatostatin certainly
binds to Sstr3 on the ciliary membrane. However, signaling
within neuronal cilia has not yet been shown.

Ciliary localization of Sstr3 is also developmentally
dynamic. Sstr3-positive cilia are rare in the embryonic and
neonatal rodent brain, although they have been found in the
developing cerebral cortex of E13 mice [76]. In the neo-
natal rodent hippocampus, Sstr3-positive cilia are scarce
and restricted to the CA3 region [77, 78]. By P7, there are
abundant Sstr3-positive cilia in the CA3 region and the
appearance of some Sstr3-positive cilia in the CA1 region
and dentate gyrus [77, 78]. Interestingly, in the rat
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hippocampus, the density of Sstr3-positive cilia is highest
in the CA1 and CA3 regions in juvenile animals (P20) and
then decreases in adulthood, while the density in the den-
tate gyrus increases and is maintained into adulthood [78].
Thus, there appear to be regional and developmental dif-
ferences in Sstr3 ciliary signaling. It is important to note
that the lack of Sstr3-positive cilia does not necessarily
reflect the absence of cilia. Nevertheless, these results
indicate that ciliary localization, and likely signaling, of
Sstr3 is regionally and developmentally regulated.

Although it has been known for more than 10 years that
Sstr3 localizes to neuronal cilia, remarkably we still do not
know whether Sstr3 signals on the ciliary membrane and
how this affects neuronal function. However, recent studies
utilizing Sstr3 knockout mice have begun to elucidate
potential ciliary somatostatin signaling. Specifically, an
investigation of the role of Sstr3 signaling in learning and
memory revealed that Sstr3 is critical for object recognition
memory but not spatial memory [79]. Furthermore, the
authors found that regulation of cAMP-signaling is dis-
rupted in Sstr3 knockout mice or wild-type mice treated
with an Sstr3 antagonist. Given that Sstr3 is highly enri-
ched in cilia, the authors suggest Sstr3 mediates cAMP-
signaling within cilia and impacts cognition. However,
further studies are necessary to confirm that Sstr3 modu-
lates cAMP levels within the cilium and whether loss of
cilia on Sstr3-expressing neurons similarly impacts object
recognition memory and cAMP-signaling.

As opposed to Sstr3, serotonin receptor 6 (5-HTg)
ciliary localization in the rodent brain is confined to the
striatum, nucleus accumbens, olfactory tubercle and
islands of Calleja [64, 65]. Moreover, 5-HTg also local-
izes to dendrites in the striatum and hippocampus. Thus,
5-HT¢ may function at the synapse or cilium, depending
on the brain region or even the subset of neurons within
the region. Nevertheless, it is interesting that 5-HT¢ can
be targeted to different neuronal compartments. One
possibility is that 5-HTg localizes to dendrites when it is
expressed in a neuron lacking a cilium. Alternatively,
certain neurons may possess mechanisms for overriding
ciliary localization in order to target the receptor to the
dendrite. In the brain, serotonin modulates neural activity
and affects virtually all human behavioral processes.
Specifically, 5-HTg is thought to be involved in anxiety
and depression [80], eating disorders [81, 82], and
learning and memory [83, 84]. Additional studies are
required to dissect the precise roles of 5-HTg on the
ciliary membrane. Unfortunately, studies of ciliary 5-HTq
are hindered by the lack of a specific 5-HTg antibody.

The third neuronal ciliary GPCR identified, melanin-
concentrating hormone receptor 1 (Mchrl), is notable for
two reasons. First, we identified Mchrl as a ciliary GPCR
based on the presence of a putative ciliary localization

sequence that we identified in Sstr3 and 5-HTg [66], sug-
gesting that some ciliary GPCRs are targeted to the ciliary
membrane by a similar mechanism and that ciliary tar-
geting sequences can be used to predict novel ciliary
GPCRs. Second, Mchrl and its ligand, melanin-concen-
trating hormone (MCH), are important regulators of
feeding behavior. Injection of MCH into the brains of mice
induces a rapid increase in feeding behavior [85], while
injection of Mchrl antagonists reduces feeding behavior
[86]. Transgenic mice overexpressing MCH [87] are obese
and mice lacking expression of either MCH [88] or Mchrl
[89] are lean. Interestingly, Mchrl localizes to cilia in
regions of the brain known to regulate feeding and reward
behavior, suggesting ciliary localization of Mchrl may be
important for signaling through the receptor and proper
regulation of these processes. Neuronal cilia have been
implicated in the regulation of feeding behavior. Mice
lacking cilia in the brain or specifically on pro-opiomela-
nocortin-expressing cells in the hypothalamus are
hyperphagic and become obese [90]. Further, obesity is a
hallmark of some ciliopathies, including Alstrom syndrome
and BBS. Notably, mouse models of BBS lack ciliary
localization of Mchrl [67]. Together, these results suggest
neuronal cilia mediate signaling that is required for proper
regulation of feeding behavior.

The signaling protein that is enriched in the largest
proportion of neuronal cilia is ACII [68]. ACIII colo-
calizes with Sstr3 (Fig. 4) [67, 77] and Mchrl [66, 67] on
subsets of cilia, suggesting neuronal cilia can mediate
cAMP-signaling. ACIII is 1 of 10 known mammalian
isoforms of adenylyl cyclase that function to convert ATP
to cyclic cAMP in response to activation by a variety of
hormones, neurotransmitters, and other regulatory mole-
cules [91]. Cyclic AMP, in turn, activates several other
target molecules to control a broad range of intracellular
processes. As discussed above, ACIII is enriched in cilia
of olfactory sensory neurons [92] where it couples acti-
vation of odorant GPCRs to increased cAMP levels in
olfactory cilia [93]. It is possible that ACIII in neuronal
cilia acts analogously to ACIII in olfactory cilia to affect
membrane potential and alter neuronal firing rates.
Intriguingly, ACIII knockout mice become obese as they
age due to hyperphagia, reduced physical activity, and
leptin insensitivity [94], suggesting that cAMP-signaling
within neuronal cilia is important for proper regulation of
food consumption and energy balance. Notably, colabel-
ing for ACIII and Sstr3 reveals the majority of neuronal
cilia are positive for ACIII but negative for Sstr3 [77],
suggesting that Sstr3-negative neurons may express other
unknown ciliary receptors.

In summary, neuronal cilia are abundant and widely
distributed in the brain, suggesting that they possess
important functions. Yet, their precise functions are not
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known. It is likely that neuronal cilia provide specialized
non-synaptic sensory and signaling functions that affect
neuronal function [69, 70]. This organelle contains a subset
of signaling receptors and second messengers important for
many signal transduction pathways that may be critical for
such processes as learning and eating behavior. The
absence of neuronal cilia or the mislocalization of ciliary
signaling machinery may result in altered non-synaptic/
ciliary signaling and disease phenotypes such as cognitive
deficits and obesity. Further studies are necessary to dissect
the molecular mechanisms of ciliary receptor activation
and signal transduction within these specialized signaling
organelles.

Neuronal cilia functions: challenges and opportunities

A critical step in determining the functions of neuronal
cilia is to identify the signaling proteins present within the
cilium. Although proteomic analyses of mammalian pho-
toreceptor outer segments and olfactory cilia are available
[95, 96], and methods for the isolation of primary cilia
from cells have been described [97-100], the prospect of
selectively isolating cilia from central neurons in sufficient
quantity for proteomic analysis is daunting. However, there
are various approaches for identifying novel ciliary sig-
naling proteins. One approach is to make predictions based
on the conservation of signaling pathways between cilia on
different cell types. For example, subsets of neuronal cilia
contain GPCRs and ACIII, suggesting they are functionally
coupled as in olfactory cilia. Thus, it is possible they share
additional signaling components, such as G proteins, CNGs
and chloride channels, a hypothesis that can be readily
tested. A second approach is to identify ciliary localization
sequences and use these sequences to predict novel ciliary
signaling proteins. We recently identified a putative GPCR
ciliary localization sequence in the third intracellular loops
of Sstr3 and 5-HT¢ and, using a computational approach
combined with prioritization based on known biological
functions, predicted that Mchrl would localize to neuronal
cilia. Expression of fluorescently-tagged Mchrl in a cili-
ated renal cell line and labeling for endogenous Mchrl in
mouse brain sections confirmed that Mchrl is enriched in
neuronal cilia [66]. Interestingly, the i3 consensus
sequence is sufficient for GPCR ciliary localization but is
not required, suggesting ciliary GPCRs contain additional
sequences that mediate localization to cilia. There are
approximately 950 GPCRs in the human genome, with 500
of those coding for odorant or taste receptors [101]. It is
likely a significant percentage of the other 450 GPCRs
localize to cilia on cell types throughout the body,
including central neurons. Further studies to identify and
characterize GPCR ciliary localization sequences could

allow for a systematic identification of the complete subset
of ciliary GPCRs.

There are also experimental approaches that can be
utilized to identify novel ciliary signaling proteins. Ciliary
localization sequences can be utilized in screens, such as
yeast two-hybrid analysis, to identify the proteins that
mediate ciliary localization. Such proteins can then sub-
sequently be used to identify interacting proteins, subsets
of which are likely ciliary proteins. This approach could be
particularly fruitful given that it is likely that the trafficking
mechanism of ciliary signaling proteins is conserved across
populations of cells while the precise signaling components
vary. Thus, ciliary localization mediators could be used to
identify a wide range of signaling proteins across different
cell populations.

Although the knowledge of the signaling proteins pres-
ent in cilia itself provides important insight into the
potential functions of neuronal cilia, another challenge will
be observing signaling within the cilium. As mentioned
above, the cilium is a restricted compartment, and com-
monly used reagents for signaling assays, such as cAMP
reporter probes, are excluded. Combined with the fact that
ciliary receptors may not be exclusively on the ciliary
membrane but may also localize to the cell membrane, it is
difficult to distinguish between signaling within the cilium
and in the cell body. Studies are also needed to test whether
signaling in neuronal cilia affects membrane potential.
Although it is possible to use electrophysiology to measure
changes in membrane potential of the cell body as a
downstream measure of ciliary signaling, this approach has
the same drawback of not distinguishing between signaling
generated in the cilium and in the cell. Ideally, changes in
potential across the ciliary membrane should be measured.
Electrophysiological approaches have been used to analyze
channel activity on olfactory cilia [102] and cilia isolated
from renal epithelial cells [100]. Yet the application of
these approaches to the analysis of neuronal cilia will
require the development of novel methods to visualize and
perhaps isolate cilia from central neurons.

Another approach that has proven successful for deter-
mining the functions of cilia is the generation of mouse
lines with cilia defects. Indeed, seminal studies utilizing a
mouse mutant with a partial defect in IFT88 first estab-
lished the connection between cilia dysfunction and human
disease [37, 103, 104]. IFT88 is required for the formation
and maintenance of all cilia and flagella, and complete loss
of the protein results in developmental defects and is
embryonic lethal. However, mouse lines carrying condi-
tional IFT alleles can be used to ablate cilia on specific cell
types or at various stages of development in order to elu-
cidate the roles of cilia in cellular homeostasis and disease.
This approach provided the first demonstration that neu-
ronal cilia are required for proper regulation of feeding
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behavior [90]. Conditional knockout mice can be used to
dissect the physiological functions of neuronal cilia in
complex neural systems.

Interestingly, neuronal cilia are especially abundant in
certain brain regions, including the hippocampus, amygdala,
and nucleus accumbens [68]. It will be exciting to test how
ablation of cilia, specifically in these regions, affects complex
behaviors, such as cognition, fear and anxiety, and reward.

Conclusions

Primary cilia are specialized subcellular compartments that
provide important sensory and signaling functions. Seminal
studies in several organ systems have elegantly demon-
strated how this organelle has been adapted to perform
specialized functions and the striking physiological con-
sequences that result from loss of cilia function. Yet the
precise functions of the vast majority of primary cilia
remain unknown. In the brain, neuronal cilia appear to
contribute to somatostatin, serotonin, and MCH signaling.
The abundance of neuronal cilia and enrichment of sig-
naling machinery, including GPCRs and ACIII, suggest
that these tiny organelles play a specialized role in sur-
veying the extracellular mileu and provide non-synaptic
signaling.

This supplementary signaling mechanism surely adds to
the complex circuitry of the brain and provides an addi-
tional way neuromodulators can regulate physiological
processes. Thus, the study of neuronal cilia offers tre-
mendous potential for making fundamental discoveries into
the roles of neuronal ciliary signaling in neural function
and disease.
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