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ABSTRACT
The generation of new neurons involves a great variety of cell-extrinsic and cell-intrinsic signals. The
primary cilium, long regarded as an “evolutionary vestige,” has emerged as an essential signaling hub
in many cells, including neural progenitors and differentiating neurons. Most progenitors harbor an
apically-localized primary cilium, which is assembled and disassembled following the cell cycle, while
the presence, position and length of this organelle appears to be even more variable in differentiating
neurons. One of the main extracellular cues acting through the cilium is Sonic Hedgehog, which
modulates spatial patterning, the progression of the cell cycle and the timing of neurogenesis. Other
extracellular signals appear to bind to cilia-localized receptors and affect processes such as
dendritogenesis. All the observed dynamics, as well as the many signaling pathways depending on
cilia, indicate this organelle as an important structure involved in neurogenesis.
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Introduction

In vertebrates, most neurons in the central nervous
system (CNS) originate from the neuroepithelium, a
tissue composed by highly proliferating cell progeni-
tors forming the walls of the neural tube. Cell polar-
ity is one of the main features of this tissue, holding
a tight relationship with cell proliferation (as cells
undergo interkinetic nuclear migration), and asym-
metric cell divisions leading to neurogenesis, neuro-
nal positioning and differentiation.1,2 In some areas
of the mammalian CNS such as the neocortex, two
other types of progenitors are also originated from
the neuroepithelium: radial glial cells (“apical pro-
genitors;” which maintain an epithelial-like polarity)
and basal progenitors (which are not polarized).
Characteristically, neuroepithelial and radial glial
cells have a very small apical membrane domain,
which is limited by subapical adherens-type cell
adhesions and harbors a tiny but powerful speciali-
zation: the primary cilium. Cilia are organelles
related to flagella and essentially composed of a
microtubule-based axoneme surrounded by plasma
membrane and attached to a centriole-derived basal
body. Two main varieties can be recognized: “motile
cilia,” present in a few cell types, and “primary

cilia,” present in most cell types (http://www.bowser
lab.org/primarycilia/cilialist.html). Generally, these
two types of cilia can be differentiated by the organiza-
tion of their axonemes. Primary cilia usually lack the
central microtubule pair found in motile cilia (a
“9C0” configuration) and dynein arms: they are hence
non-motile (Fig. 1). Cilia are typically interphase
structures, being present in G1 (and G0) and disas-
sembled during S or G2, as centrioles duplicate and
form the centrosomes that drive the organization of
the mitotic spindle during mitosis. Centriole duplica-
tion is semi-conservative, thus in each new centro-
some one of the centrioles (called “mother”) derives
from the original pair, while the other (called “daugh-
ter”) is generated de novo.3,4 Cilia reassembly after
mitosis depends on an intricate system of transport
proteins composing the so-called “intraflagellar trans-
port” (IFT) machinery. IFT is carried out by two com-
plexes, IFT-A and IFT-B, which transport ciliary
components out and into the cilium respectively.
Therefore, anterograde (from basal body to ciliary tip)
transport is mediated by IFT-B particles associated
with the Kinesin II molecular motor, while retrograde
(toward the basal body) movement involves IFT-A
particles and cytoplasmic Dynein (Fig. 1).5
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The observation that primary cilia are non-motile
puzzled cell biologists for a long time, since no obvi-
ous function could be found. This scenario was turned
upside down by the findings of the previous decade,
showing that primary cilia are needed for the recep-
tion and transduction of a range of extracellular
mechanical and chemical cues, as well as for paracrine
signaling involving important developmental pathways
such as those of Hedgehog (Hh), Wnt and PDGF.6 In
vertebrates, Hh signaling mainly acts through the

primary cilium by modulating post-translational mod-
ifications of the transcription factors Gli2 and Gli3. In
resting conditions, Gli2/3 factors are cleaved by the
proteasome to a short repressor form. Hh inhibits
proteasomal degradation, promotes ciliary transloca-
tion of Gli2/3, a process that is necessary to acquire
full activity, and results in nuclear entry of these tran-
scription factors.7 In addition, more recent data has
also underscored an important role for primary cilia
as sites for signal production through the generation
of extracellular vesicles.8

Although the presence of primary cilia in the
neuroepithelium was originally described many
decades ago, it was only in the last few years that it
has come forth to the neuroscientific community. We
will review here some of the recent work that aims at
understanding cilia dynamics and functions during
different processes related to neurogenesis and early
neuronal differentiation in vertebrates.

Cilia and the cell proliferation/neurogenesis
balance

The neuroepithelium is a highly proliferating tissue and
thus cilia are expected to be very dynamic, constantly
assembling and disassembling following the cell cycle
(Fig. 2A). This concept led pioneering electron
microscopists to perform the first detailed description
of primary cilia apparent dynamics by analyzing the
chick embryonic neural tube.9 These early studies were
extended recently using an in vivo approach in the
same tissue, showing that centrosomes are located at
the apical tip of neuroepithelial cells along most of the
interphase.10 In late G2, they translocate basally to
meet the apically-moving nucleus, and duplicate to
organize the formation of the mitotic spindle poles.
This study also showed that the primary cilium,
revealed by the presence of the ciliary GTPase Arl13b
fused to GFP, disappears during G2, just before the
basal migration of the centrosome. In addition to the
axoneme, neuroepithelial cilia present another
structural feature, the ciliary pocket (Fig. 1), which also
apparently displays a dynamic behavior along the dif-
ferent stages of the cell cycle.9,11 The ciliary pocket has
been shown to be a site where endocytosis and
exocytosis needed in signal transduction take place.12

Furthermore, as described above, cilia are also known to
play a secretory role, and in neuroepithelial cells they
are putative sites of Prominin-enriched extracellular

Figure 1. Schematic representation depicting the main features
of primary cilia in neuroepithelial cells. The localization of most
of the proteins mentioned throughout the review is shown. The
core of a typical primary cilium is an axoneme with a 9C0 array
of microtubule doublets, which is anchored at the basal body,
the oldest centriole in the cell. A diffusion barrier at the base of
primary cilia blocks simple diffusion of both cytosolic and
membrane proteins. Thus, a specialized transport system is
required for cilia formation and maintenance, as well as for
intracellular transduction of several signaling pathways.
Anterograde and retrograde transport is carried out through
IFT-B and IFT-A complexes, respectively. In some cilia, a plasma
membrane pocket or pit is present around the ciliary base. This
ciliary pocket has been associated with active endo- and
exocytosis. Primary cilia may also be sites of extracellular vesicles
formation.
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vesicles release (Fig. 1).13 Thus, cilia in neuroepithelial
cells might act as bidirectional signaling devices, both
receiving and broadcasting still ill-characterized signals.

Functional studies aimed at understanding early
cilia function in neural development found that Kif3a
(a protein component of the ciliary kinesin) or Ift88
(part of the IFT-B transport complex) mouse mutants
show severe disruption of cortical morphogenesis
accompanied by the occurrence of rosette-like hetero-
topias, therefore suggesting an underlying cell polarity
defect.14–16 Likewise, targeted deletion of Arl13b at
different developmental stages in mice forebrain,

although apparently not affecting the early neuroepi-
thelium, caused the reversion of apico-basal polarity
of the radial glia scaffold, with the concomitant mis-
placement of radially-migrating neurons.17 Impor-
tantly, the integrity of neuroepithelial polarity has
been tightly correlated with asymmetry in neurogenic
cell divisions, and primary cilia may also have a role
in the regulation of this process.1 Electron microscopy
of the neurogenic mouse cortex revealed that cilia-
derived membrane can be endocytosed prior to
mitosis and inherited by one of the daughter cells
along with the mother centriole, thus probably

Figure 2. Primary cilia dynamics and functions during neuroepithelial cells proliferation and apical detachment. (A) During G2, centrioles
are duplicated and primary cilia are reabsorbed to allow centrioles to migrate toward the nucleus and organize the mitotic spindle. In
the neocortex, the ciliary membrane is endocytosed and remains associated to the eldest centriole (which was acting as a basal body).
During the neurogenic period, the biased inheritance of this ciliary membrane is correlated with maintenance of the proliferative state.18

While primary cilia are present (during interphase), they endow the cell with the capacity to sense cues present in the neural tube
lumen. (B) Examples of signaling functions of primary cilia in early stages of neurogenesis. Primary cilia transduce signals (such as Shh)
that are able to give identity to progenitor cells, thus affecting the patterning of the neural tube. Shh acting through primary cilia also
regulates progenitor cell cycle dynamics. In radial glia progenitors, primary cilia is instructive in the maintenance of polarity as well as in
sensing a cerebrospinal fluid (CSF) factor needed for neurogenesis. (C) Four different dynamic behaviors of cilia associated with cell
detachment from the apical region of the neuroepithelium: (a) primary cilia re-localize to the basolateral surface in mouse cortex
delaminating neurons or basal progenitors;33 in chick neural tube, (b) primary cilia may be left behind due to apical abscission35, or
(c) remain at the apical tip of the cell during retraction;10 (d) in retinal ganglion cells of the zebrafish retina, some cilia remain at the
apical tip (like in c), but in most cases they are lost previous to retraction and then reformed at the tip of the retracting process.11 In all
these cases, primary cilia reduce (or even lose) their contact with signals present in the neural tube lumen and might begin to sense
signals present inside the neuroepithelium.
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establishing intrinsic differences in the ability of each
daughter cell to ciliate.18 Here, the maintenance of a
proliferating progenitor state was associated with
inheriting the older mother centriole (Fig. 2A). Similar
results were obtained when analyzing a cilia-related
target of Pax6, an essential transcription factor
determining radial glial cell identity in the mammalian
cortex. In these cells, Pax6 triggers the expression of
the mother centriole-associated protein Odf2,
which in turn is necessary for the formation of the
distal appendages that link the mother centriole to
the membrane. Interestingly, in Pax6-deficient radial
glial cells, cilia reassembly is impaired and cells
prematurely exit the cell cycle to generate post-
mitotic differentiating neurons.19 On the other hand,
not only formation but also timely reabsorption of
primary cilia is important when cells are about to
exit the cell cycle. Inhibiting the reabsorption of the
primary cilium prior to mitosis in both cultured plu-
ripotent stem cells and cortical neural progenitors
again resulted in the premature exit from the cell
cycle and the onset of neuronal differentiation.20,21

These observations are consistent with previous
work showing a positive correlation between the
length of G1 in mouse cortical progenitors, and their
transition to a post-mitotic state to become neu-
rons.22 Finally, the naturally-occurring cilia length
decrease that takes place along the process of neuro-
genesis may also act as a cell-autonomous mecha-
nism for the control of neuronal specification.11,13

All this experimental evidence indicates that cilia
have an important function in early stages of
neurogenesis. How is this function achieved? One
possibility could be that either the cilium itself or the
basal body (in its double role in nucleating the axoneme
and as a cytoplasmic microtubule organizing center)
might be sources of cell-intrinsic signals acting on the
cytoskeleton and thus affecting cell polarity and/or cell
cycle progression. A second, and certainly more appeal-
ing possibility based on the growing amount of experi-
mental data, is that extracellular signaling acting on cilia
is in great part responsible for this function. Among the
different signaling cascades, the Hh pathway, and in
particular Sonic Hedgehog (Shh), likely plays a critical
role (Fig. 2B). Interestingly, the first connection between
this ubiquitous signaling pathway and cilia was provided
by studies on the dorso-ventral patterning of the neural
tube.7 Since the early 1990s it has been known that a
ventral-to-dorsal gradient of Shh arising from the floor

plate is in part responsible for determining the neuro-
nal-type fate of neuroepithelial progenitors located at
different positions in the spinal cord of all analyzed ver-
tebrates, mainly through the activation or repression of
different transcription factors involved in neuronal
specification.23 A decade later, Huangfu and collabora-
tors demonstrated for the first time that Shh signal
transduction directly depended on cilia integrity, and
that mutant mice defective in two IFT proteins (Ift88
and Ift172) presented an altered dorso-ventral distribu-
tion of transcription factors such as Pax6 and HB9 in
the neural tube.24

In addition, Shh seems to have different functions in
regulating the balance between the maintenance of
cycling progenitors and the generation of post-mitotic
neurons. In the retina, for example, the different
neuronal types arise from multipotent progenitors,
whose potentiality becomes progressively restricted
along development. Shh has an important role in the
control of progenitor proliferation and cell fate in this
organ.25,26 In the zebrafish, extra-retinal Shh initiates
the generation of retinal ganglion cells, and these early
differentiating neurons in turn secrete Shh, which helps
the wave of neuronal differentiation to spread.27 We
have recently reported that early cilia impairment by
knocking down IFT genes (Ift88 and Elipsa) in the
zebrafish retina, causes a significant reduction in
progenitor cell proliferation affecting the generation of
all differentiated cell types. However, a detailed
in vivo analysis of differentiating cells in triple-labeled
transgenic embryos and in cell transplantation
experiments, demonstrated that retinal ganglion cells
generation was preferentially reduced, with a concomi-
tant proportional increase in cone photoreceptors.11 In
different areas of the brain, such as the cortex,
hippocampus and cerebellum, it has been clearly
demonstrated that primary cilia disruption severely
affects cell cycle progression in neuronal progenitors,
and that this effect is at least in great part due to
impaired Shh signaling, mostly evidenced in Gli3
misprocessing.28,29 Finally, and as discussed below, Hh
is not the only signaling pathway acting through pri-
mary cilia. For example, as recently reported, signaling
through an orphan cilia-localized G-Protein Coupled
Receptor (GPCR) favor cell cycle exit and differentia-
tion of radial glia progenitors, through binding to a
cerebrospinal fluid factor up-regulated in the neuro-
genic phase (Fig. 2B).30 Similarly, Hh signaling through
cilia has been shown to be involved in the proliferation
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of neural progenitors and neurogenesis in the twomain
neurogenic areas of the adult brain, the dentate gyrus of
the hippocampus and the ventral ventricular-subven-
tricular zone generating olfactory bulb neurons.31,32

Hence, in different CNS areas and at different develop-
mental stages, regulating the balance between primary
cilia formation and disassembly can be used as a mech-
anism to control whether cells remain as progenitors
or commit to become neurons, through the differential
access or sensitivity to surrounding signaling molecules
acting on cilia.

Cilia in delaminating and migrating progenitors
and neurons

Neuroepithelial and radial glial cells are characterized
by always remaining attached to the apical border. In
some circumstances along the process of neurogenesis,
however, cells must get rid of this apical attachment
and move basally. This is clearly the case for most
neurons, but also for cortical basal progenitors. A
detailed analysis of cilia positioning in the ventricular
side of the embryonic mouse brain unveiled an
unexpected finding: the presence of basolateral
(subapical) primary cilia that correlated with the
apical detachment of basal progenitors in the
telencephalon and of differentiating neurons in the
hindbrain (Fig. 2C).33 This correlation might not be,
however, universal. In the zebrafish retina, where
detaching retinal ganglion cells drag apical marker
proteins at the tip or their apical processes, the same
proportion of subapical cilia was observed before and
after the initiation of neurogenesis.11,34 Alternatively,
an apical abscission mechanism has been described in
chick neural tube.35 The authors observed that
detaching neurons actively left behind a small region
of the apical process containing several apical complex
proteins as well as the primary cilium (Fig. 2C). A
previous report in the same tissue, however,
demonstrated that apical cilia could remain
continuously attached to the retracting apical process
(Fig. 2C).10 Of course, some experimental differences
could explain at least in part this controversy, or, it
could be that both apical abscission (leading to loss of
apical components) and a more conservative
detachment (keeping apical components) could
coexist in different cells. Our observations in the
zebrafish retina support this last idea: although we
observed an apparent disassembly of cilia just before

and for some time after apical detachment in most ret-
inal ganglion cells, there were some cases in which the
cilium remained intact during the process (Fig. 2C).11

Probably the only tangible fact here at the moment is
that, in many cases, differentiating neurons (or even
progenitors) lose an apically-localized cilium around
the time of detachment. If we consider, as discussed
above, that cilia play an important role in maintaining
the proliferative state of neural progenitors in different
areas of the CNS, this event could facilitate cell cycle
exit by rendering cells insensitive to mitogenic signals
such as Shh. In addition, this loss of cilia could also
play a role in neuronal type specification.

After being born, many neurons must migrate
relatively long distances to their differentiation
location, and primary cilia have been shown to be
present also during this period. In the cerebral cortex,
two main sorts of migration are evident: neurons born
in the immediate ventricular or subventricular zone
migrate radially (apico-basally) to become excitatory
pyramidal neurons, and neurons born far away in
ventrally-localized ganglionic eminences migrate
tangentially (perpendicular to the apico-basal axis), to
become inhibitory interneurons. Interestingly, cilia
impairment by conditionally inactivating ciliary genes
such as Arl13b, Ift88 and Kif3a in mice, was shown
not to have apparent effects on radial migration of
pyramidal neurons, whereas it affected the ability of
tangentially-migrating interneurons to reach the
cortical plate.36,37 Interestingly, Shh was shown to be
necessary for microtubules and Golgi organization in
these cells, although receptors for several other signals
that could be involved in regulating neuronal
migration were detected on their cilia.37 Through
detailed electron tomography studies on primary
cultures, Baudoin and colleagues showed that the
cilium is alternatively exposed or hidden during the
two-stroke phases of migration of these neurons.36

Indeed, there was a correlation with the position of the
centrosome respect to the nucleus: in many migrating
neurons with long nucleus-centriole distance, a small
primary cilium was exposed to the surface, while
centrioles positioned near the nucleus were associated to
a large vesicle, sometimes with a short axoneme protrud-
ing into it (Fig. 3A). Cerebellar granule neurons migrat-
ing in vitro also displayed a dynamic centrosome and
primary cilium that accompanied the two-stroke motility
process of organelles during migration, and this dynam-
ics was shown to depend on acto-myosin activity.38
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Cilia in neuronal differentiation

Neuronal differentiation is usually a relatively long
process including a series of events that are more or
less independently regulated by both cell-intrinsic and
cell-extrinsic signals. Centrosomes have long been
regarded as potential intrinsic signaling centers
involved in neuronal orientation, axonogenesis and
dendritogenesis.39 As centrosomes may act as cilia
basal bodies, and in many studies this was not taken
into account, it could also be possible that extracellular
signaling acting through cilia could be responsible for
some of the observed or predicted modulatory
functions. A presence of an apically localized
centrosome and cilium has been described in
differentiating retinal ganglion cells in mice and
zebrafish, even from early stages of differentiation
(Fig. 3B).11,34,40 Remarkably, these structures are
always located away from the site of axon outgrowth
and close to the base of the forming dendrites.
Prolonged erratic movements of the centrosome have
been observed in these cells upon Laminin a1

knockdown, a treatment that also caused defects in
neuronal polarization.41 Interestingly, we recently
observed the natural occurrence of similar erratic
movements of the cilium, from some time after axon
outgrowth to just before the onset of dendritogenesis,
when cilia were directed to the base of the growing
dendritic tree (Fig. 3B).11 Most of the early maturing
retinal ganglion cells, however, had no visible cilia
(being most centrioles not docked to the plasma
membrane), or just very short ones always apically
localized (Fig. 3B).11 Altogether, these results indicate
that the centrosome/cilium might be important at
early stages of neuronal differentiation, functionally
linking neuroepithelial polarity to neuronal polarity,
although the exact causal relationship and the
molecular mechanisms are still missing.

Cilia may however be again important at later
stages of neuronal maturation, as has been evidenced
in different cell types of the mouse brain. In the
mouse cortex, primary cilia re-form at late fetal
stages, after both excitatory and inhibitory neurons
have reached their final destination, and continually

Figure 3. Primary cilia localization and functions during neuronal differentiation. (A) Migratory interneurons during tangential migration
in the cortex display a primary cilium that cycles between a surface-exposed and an intracellular phase, a process that appears to be
coordinated with the cell migration stages.36 In these cells, primary cilia are important for migration dynamics and also for exiting the
migratory stream into the cortical plate. Cerebellar granule neurons migrating in vitro also bear a primary cilium, which accompanies
the two-stroke movement of the cell leading process.38 (B) In zebrafish retinal ganglion cells, the primary cilium maintains an apical
position during retraction of the apical process.11 After this period, primary cilia may disappear for some time and/or change their
position (arrows) around the cell surface. Interestingly, primary cilia are apically re-localized to the region where dendrites begin to
outgrow. In these differentiating neurons, primary cilia may transduce still unknown signals affecting their differentiation. (C) In cortical
neurons and hippocampus dentate granule cells of mice, primary cilia also localize to the base of dendrites, where they influence
dendrite refinement.44,45
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grow postnatally for about 3 months to reach a
maximum average length of 4–5 mm.42 What could
be the function of primary cilia here? One possibil-
ity is that this cilia growth is just a preparation for
their signaling roles in adult neurons. As an exam-
ple, in the cilia of postnatal rat hippocampal neu-
rons there is a progressive accumulation of the
Somatostatin Receptor 3 (SSTR3), which is involved
in the detection of extracellular neurotransmitters.43

Alternatively these cilia could have a function in
late processes of neuronal maturation, such as den-
drite extension, branching or refinement, an idea
that would be consistent with a preferential cilia
localization near the base of the dendritic tree in dif-
ferent neuronal cell types (Fig. 3C). Guadiana and
collaborators demonstrated that the overexpression
of two ciliary GPCRs (5HT6 and SSTR3) caused an
aberrant growth, and even branching, of cilia in
mouse neocortical pyramidal neurons.44 Both this
treatment and the expression of a dominant-nega-
tive (DN) form of Kif3A, caused a significant reduc-
tion in dendrite extension and branching, indicating
that a fine balance in cilia structure/function must
be maintained for dendritic trees to properly differ-
entiate. A similar effect was observed upon cilia
impairment with DN-Kif3A on postnatally-born
hippocampal granule cells, where canonical Wnt
upregulation led to defects in dendritic refinement
and glutamatergic synaptogenesis.45

Conclusions and perspectives

Although clearly still very incomplete, information
gathered until now on the behavior and possible roles
of the primary cilium along the process of
neurogenesis and neuronal differentiation points to a
great versatility of this organelle, which might be used
for different functions at different moments, and in dif-
ferent cell types. In general, however, the “cell antenna”
role of cilia emerges as the most prominent mechanism
for modulating these processes. The variable presence,
position and length of cilia in neuronal progenitors
and differentiating neurons described above, may
underlie the diversity of neuronal types found in the
brains of vertebrates, and might as well provide for an
extremely sensitive mechanism for evolutionary change.
In the species considered to have reached the maxi-
mum complexity and the highest performance regard-
ing brain evolution, Homo sapiens, the essentiality of

this organelle for proper brain development becomes
evident in some human conditions resulting from cilia
dysfunction: the ciliopathies. Characteristic clinical
features in some of these conditions include CNS struc-
tural defects and intellectual disability.46 A recent study
in which 30 of the genes known to cause neural devel-
opment-associated ciliopathies were knocked down by
shRNA in mice, reveals that actually many of them are
necessary for most of the neurogenic processes
described above.47 One open question is if these genes
(as many others) actually cause neurodevelopmental
defects through the cilium or through extraciliary func-
tions they may have, a possibility that will undoubtedly
increase the level of complexity associated to the role
of the cilium and ciliary proteins in these processes. In
summary, a complete and in-depth study of the
dynamics of these organelles, the identification of the
relevant signaling cascades operating through them,
and a systems biology approach to understand the
crosstalk between signaling pathways will be required
to completely understand the role of cilia in neurogene-
sis and neuronal differentiation.
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