
Primary cilia regulate hippocampal neurogenesis by
mediating sonic hedgehog signaling
Joshua J. Breunig*†, Matthew R. Sarkisian*†, Jon I. Arellano*, Yury M. Morozov*, Albert E. Ayoub*, Sonal Sojitra‡,
Baolin Wang§¶, Richard A. Flavell�**, Pasko Rakic*††, and Terrence Town‡�

*Department of Neurobiology and Kavli Institute of Neuroscience and §Department of Genetic Medicine, Weill Medical College of Cornell University, 1300
York Avenue, W404, New York, NY 10021; ¶Department of Cell and Developmental Biology, Weill Medical College of Cornell University, 1300 York Avenue,
W404, New York, NY 10021; �Department of Immunobiology and **Howard Hughes Medical Institute, Yale University School of Medicine,
300 Cedar Street, TAC S-569, New Haven, CT 06519-8011; and ‡Departments of Biomedical Science, Neurosurgery, and Medicine,
Maxine Dunitz Neurosurgical Institute, Cedars-Sinai Medical Center, 8700 Beverly Boulevard, Los Angeles, CA 90048

Contributed by Pasko Rakic, May 10, 2008 (sent for review March 20, 2008)

Primary cilia are present on mammalian neurons and glia, but their
function is largely unknown. We generated conditional homozy-
gous mutant mice for a gene we termed Stumpy. Mutants lack cilia
and have conspicuous abnormalities in postnatally developing
brain regions, including a hypoplasic hippocampus characterized
by a primary deficiency in neural stem cells known as astrocyte-like
neural precursors (ALNPs). Previous studies suggested that primary
cilia mediate sonic hedgehog (Shh) signaling. Here, we find that
loss of ALNP cilia leads to abrogated Shh activity, increased cell
cycle exit, and morphological abnormalities in ALNPs. Processing of
Gli3, a mediator of Shh signaling, is also altered in the absence of
cilia. Further, key mediators of the Shh pathway localize to ALNP
cilia. Thus, selective targeting of Shh machinery to primary cilia
confers to ALNPs the ability to differentially respond to Shh
mitogenic signals compared to neighboring cells. Our data suggest
these organelles are cellular ‘‘antennae’’ critically required to
modulate ALNP behavior.

adult neurogenesis � Gli1 � Patched � Smoothened � stem cell

C ilia are conserved microtubule-based organelles that grow
from basal bodies (a centrosome-derived structure) and

protrude from the cell surface (1). A growing number of
biological processes and clinical disorders are attributable to
properly functioning or dysfunctional cilia, respectively (1–4).
Neurons and astrocytes have been found to harbor a nonmotile,
primary cilium (5, 6). Despite this widespread presence of
primary cilia in the forebrain, their function remains elusive (6).

Recent findings suggest that the Shh signaling pathway in
vertebrates appears to be mediated through the primary cilium
(4, 7, 8). Whether this pathway is active in primary cilia in the
postnatal brain is unknown. Shh signaling is a key regulator of
cell proliferation in the external granule cell layer (EGL) of the
cerebellum, dentate gyrus (DG) of the hippocampus, and sub-
ependymal zone (SEZ) of the lateral ventricles (9, 10): three
brain regions that continue to develop postnatally (11). Notably,
it was demonstrated that Shh-responsive postnatal precursors
appear to be a unique population that are derived relatively late
in embryogenesis (10, 12, 13). The mechanisms governing this
postnatal responsiveness to Shh are unclear. Therefore, we
hypothesize that this responsiveness may occur through cilia
within germinal regions of the postnatal brain.

Results
Stumpy Is Required for Development of Postnatal Brain Structures and
Ciliogenesis. During characterization, a conditional mutant
mouse for the Stumpy gene, we observed gross olfactory bulb
(data not shown), hippocampal, and cerebellar abnormalities in
P13 mice [Fig. 1, supporting information (SI) Fig. S1]. In
particular, the DG granule cell layer was thinner when compared
to control mice and showed dispersion of NeuN� granule cells
(Figs. 1 A–D and Fig. S2). When the underlying glial scaffold was
observed by glial fibrillary acidic protein (Gfap) immunoreac-

tivity, we noted that the typical lamination and morphology of
glial cells was severely disrupted (Fig. 1 E–H). Glial cell bodies,
as shown by combined Sox2 and Gfap immunoreactivity, were
located more randomly in NestinCre; Stumpyf l/f l mice (hereto-
fore referred to as �Stumpy mice), and there was a notable lack
of DG radial glia (Fig. 1 A, B, and E–H).

�Stumpy mice exhibit hydrocephalus (14), and we initially
thought that this could be in part responsible for the abnormal-
ities observed. However, we recovered several ‘‘control’’ idio-
pathic spontaneously hydrocephalic mice (NestinCre�/
Stumpy�/�) with a comparable severity of hydrocephalus, but
which lacked any significant malformations in the cerebellum or
hippocampus (Fig. S3). In addition, we encountered several
other spontaneously hydrocephalic mice from different strains
with comparable levels of hydrocephalus (Fig. S3). None of these
animals exhibited the characteristic anatomical phenotypes ob-
served in �Stumpy mice. Therefore, loss of Stumpy has specific
consequences on the number and morphology of neuronal
precursors in the hippocampus and cerebellum that was inde-
pendent of hydrocephalus.

In situ hybridization (ISH) for Stumpy in the postnatal hip-
pocampus showed a fairly ubiquitous expression pattern (Fig. S4
A and B). Using an antibody against Stumpy (14), we observed
Stumpy colocalization with the basal body (Fig. S4 C and D).
Using the marker adenylyl cyclase III (ACIII), which localizes to
the primary cilium (5), cilia were observed on many cells in the
control DG and were completely absent in �Stumpy mice (Fig.
S4 E and F�). Somatostatin Receptor 3, another marker of
neuronal cilia, yielded similar results (Fig. S5). Also, ultrastruc-
tural examination of radial glia confirmed the lack of ciliary
axonemes in �Stumpy mice (Fig. S6). Therefore, loss of stumpy
leads to an absence of ciliary axonemes in the hippocampus.

Astroglial cells, the major neural precursors in hippocampus,
were markedly disrupted in �Stumpy (Fig. 1 E–H). To determine
whether cilia were present on these precursors, we used an
inducible GFP-labeling method to mosaically label them in a
Golgi-like manner (Fig. 2A). We identified ACIII� cilia on these
neurogenic, astrocyte-like neural precursors (ALNPs) in the
hilus and subgranular zone (SGZ) (Fig. 2 B and B�). Interest-
ingly, these cilia were morphologically distinct—i.e., significantly
shorter—from neuronal cilia (2.6 � 0.5 �m in glial cells vs. 8.2 �
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1.7 �m in neurons; P � 0.05 [Student’s t test]). These cilia were
present on both the radial and nonradial ALNP populations and
were often recessed into the cell membrane (Fig. 2 C–F).

Neuronal cilia normally protruded with no evidence of mem-
brane invagination (data not shown). We confirmed the findings
of glial cilia in vitro using two different radial glia-like cell lines:
C6-R cells (derived from rat glioma cells) and bipolar adult
neural progenitor cells harvested using published techniques
(Fig. S7) (15). Both cell lines use Shh signaling to maintain the
stem cell population (16, 17). These results suggest that cilia on
ALNPs could play an important role in regulating their subse-
quent proliferation and/or differentiation into neurons.

Stumpy Mutants Have Defects in Neuronal Precursor Proliferation and
Neurogenesis Associated with Perturbed Shh Signaling. Analysis of
P0 hippocampi indicated that proliferation of DG precursors was
already altered in �Stumpy mutants, as the DG appeared smaller
and had fewer dividing precursor cells (Fig. S8 A and B). When
we examined the proliferation of Sox2� glia later at P13,
�Stumpy mice showed fewer Sox2� cells and a more random
distribution when compared with controls (Fig. 1 A, B, E, and F).
There was less proliferation overall as determined by the cell
cycle marker Ki67 expression in �Stumpy mice (Fig. S9 A and B).
Notably, fewer proliferating Sox2� cells were present, as deter-
mined by colocalization with Ki67 (�52 � 5% of Ki67� cells
were Sox2� in controls vs. �70 � 8% Sox2�/Ki67� cells in
�Stumpy mice; P � 0.05 [Student’s t test]) (Fig. S9 A and B).
However, it should be noted that there appeared to be fewer
weakly Sox2� cells that colocalized with Ki67 (Fig. S9 A and
B)—perhaps indicative of a decrease in proliferating transit
amplifying cells (18). Neurogenesis, in the form of transit-
amplifying cells and migrating neurons, was similarly altered in
Stumpy mutants. In particular, we noted ectopic Ascl1, and Tbr2
expression—early markers of neurogenesis (19) (Fig. S9 C and
D�). Immature neurons, stained with doublecortin (Dcx), also
displayed abnormal morphology (Fig. S9 C� and D�). Taken
together, Stumpy mutants exhibit profound alterations in early
(P0) and later proliferation (P13), leading to subsequent defi-
ciencies in neurogenesis.

To assay where the primary defect in neurogenesis lay, we
birthdated two separate populations of S-phase cells with the
DNA synthesis markers chlorodeoxyuridine (CldU) and iodode-
oxyuridine (IdU). The CldU was administered at P8, and IdU
was given at P12 and animals were killed at P13 (Fig. 3A). In
controls, hippocampal proliferation was largely confined to the
SGZ. However, in �Stumpy mutants, proliferation was dimin-
ished in the SGZ and ectopic proliferating cells were more
abundant (Fig. 3 B and C). To determine whether this effect was
because of abnormal cell cycle exit, we examined the proportion
of cells labeled with CldU but not IdU and noted an increase in
�Stumpy mice, indicating an increase in postmitotic cells at this
time (Fig. 3D). When looking at cell cycle exit after 24 h (i.e., the
percentage of Idu� cells that were Ki67�), we found a similar
increase in �Stumpy mutants (Fig. 3E). Importantly, when using
the marker Mcm2 for proliferating and quiescent precursor cells
(20), we could use combinatorial staining for this protein with
Ki67, IdU, and CldU to highlight the slowly dividing, quiescent
population (i.e., cells that are Mcm2� but Ki67�, IdU�, and
CldU�). We noted a drastic depletion of this quiescent popu-
lation in �Stumpy mice (Fig. 3F)—consistent with a lack of
self-renewal of this population. Mcm2� cells in controls fre-
quently colocalized with Nestin, Sox2, and Gfap, and often
exhibited a stellate or radial morphology (Fig. 3G). Lastly,
neurogenesis, as determined by colocalization of NeuN, CldU,
and Dcx (Fig. 3 H and I), was notably diminished in �Stumpy
mice (Fig. 3J). Thus, hippocampal defects in �Stumpy mice
appear to be because of a smaller quiescent precursor population
and increased cell cycle exit, leading to a net reduction in DG
neurons.

The similar DG phenotypes between �Stumpy mice and
NestinCre; Smof l/f l mice (10), and the observed proliferation
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Fig. 1. Gross hippocampal defects in Stumpy-deficient brain. (A and B)
Immunostaining at P13 for NeuN revealed an overall smaller granule cell layer
(GCL) and dispersed neurons (white arrowheads) in Stumpy-mutant
(�Stumpy) compared to control brains. (C and D) NeuN-labeled neuronal
nuclei showed reduced thickness of the GCL in mutant (D) compared to
heterozygous littermates (C). White arrowheads denote dispersed granule
cells. (E and F) Sox2-labeled nuclei were dispersed in �Stumpy (F) compared to
control (E). (G and H) GFAP immunostaining in �Stumpy brain (H) revealed a
dramatic reduction of radial glia and fiber density compared to control (G).
Remaining GFAP� cells in �Stumpy mice had abnormal morphology charac-
terized by disorganized and misoriented processes. (I and J) DAPI-nuclear
staining showed decreased cell density in both the SGZ and GCL of mutants (J)
compared to control (I).
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defects seemed consistent with a defect in the Shh pathway.
Thus, we next examined expression of critical Shh signaling
mediators. We screened hippocampal mRNA for Shh, Smo,
Ptch, and Gli1–3 (relative to the levels of Hprt1) between control
and �Stumpy mice by qRT-PCR. We found a significant decrease
in Gli1 mRNA levels (Fig. 4A), an indicator of reduced Shh
signaling (13). Interestingly, Shh levels were increased in
�Stumpy hippocampus, suggesting a compensatory mechanism
or potential alterations in the processing of Gli3 (1, 4, 21–23). We
also found that Smo, Gli2, and Gli3 were up-regulated compared
to control (Fig. 4A).

Gli2 and Gli3 regulate the subsequent expression of Gli1 (21,
24). However, both were increased in �Stumpy hippocampus;
yet, Gli1 mRNA was decreased. Thus, the expression of Gli2 and
Gli3 occur in a cilia-independent manner in contrast to Gli1.
Strikingly, Shh mRNA was also increased in the �Stumpy
hippocampus. Gli3, in particular, can be processed from a
full-length activator form (�190 kDa) into a shorter, repressor
protein (�83 kDa), which represses transcription of Gli1 and Shh
(22). This processing is thought to be cilia-dependent and allows
for the proper cellular response to the presence or absence of
Shh. Thus, we hypothesized that improper Gli3 processing could
underlie aspects of the �Stumpy phenotype. Gli3 in the postnatal
hippocampus was barely detectable compared to robust E11.5
expression (Fig. 4 B and C). Nevertheless, we noted a prominent
increase in Gli3 activator in �Stumpy mice compared with
control (Fig. 4 B and C), leading to an altered ratio of activator
to repressor forms (data not shown). These results are consistent
with previous reports that cilia are necessary for the proper
cleavage of Gli3 (4, 25). Our results show conspicuous alterations
in Shh signaling and Gli processing in mice lacking Stumpy.

Expression of Shh Signaling-Associated Molecules at the Primary
Cilium Regulates Proliferation. Ptch1, Smo, and Gli1 are expressed
in a pattern consistent with a role in neurogenesis in the SGZ
(Fig. S10), in line with previous reports (9, 10, 13). Furthermore,
a recent paper detailing the differential transcriptome of specific
cell types in the brain indicated that Shh signaling is largely
confined to astrocytes (26). Indeed, Gli1 immunostaining was
largely localized to glial nuclei, and, to a lesser extent, glial
cytoplasm in the SGZ and hilus (Fig. 5 A and A�). Notably, and
consistent with our qRT-PCR results, Gli1 was barely detectable
in �Stumpy mice (Fig. 5 B and B�). On closer inspection, rare
cells in the control SGZ and hilus exhibited Gli1 enrichment in
cilia-like protrusions from the cell body (Fig. 5 C and D),
supporting previous observations of Gli1 within primary cilia
(25). Furthermore, cells which had notable enrichment of ciliary
Gli1 and low but detectable levels of nuclear Gli1 were observed
as well (data not shown), possibly reflecting an active, dynamic
change in subcellular localization of Gli1 which would be ex-
pected following Smo de-repression. Using an antibody specific
for Smo (27), we found that Smo also localized to rare, scattered,
short, glial cilia in the SGZ and hilus (Fig. 5E–E�). Neither Gli1
nor Smo were found to localize to neuronal cilia (data not
shown).

The localization of Shh-associated molecules to cilia in the
neurogenic regions of hippocampus together with the reduced
proliferation of ALNPs, and lack of Gli1 immunostaining in

depicted in serial high power micrographs in E. (E) Examples of the basal body
(arrowhead) and the ACIII� axoneme (arrow) detected with black Ni-
intensified DAB-immunoprecipitation. (F) Three-dimensional-reconstruction
of the cilium showing the basal body (red; arrowhead) and the axoneme (blue;
arrow). The cilium was followed in 12 consecutive serial sections until its
termination. The total length of the axoneme (�1.7 �m) was measured in 3D
reconstruction. The cell membrane is approximately outlined by green dotted
lines. Scale bars, 0.5 �m.

Fig. 2. Cilia are present on hippocampal ALNPs. (A) GFAP-CRE-EGFP trans-
genic mice were injected with tamoxifen for three days and sacrifed one day
after the last injection. An example of mosaic labeling of glia with EGFP is
shown. (B) EGFP-expressing radial glial cell (boxed) in the subgranular zone
(SGZ) in conjunction with immunstaining for ACIII (red) and �-tubulin (blue).
Cilia were located in both GCL and SGZ. (B�) Higher magnification of the inset
in B. A cilium was observed extending from the EGFP� cell expressing both
�-tubulin (white arrow) and ACIII (yellow arrow). (B�) The inset in B showing
�-tubulin (white arrow) and ACIII (yellow arrow). Note that the cilia length is
much shorter than overlying GCL cells. (C, C�) Z-stack data were used to
reconstruct the cell in B and the location of the cilum within the cell membrane
(C�). The spatial resolution of this technique is limited by the technology.
Nevertheless, the cilium appears to be largely enveloped in the EGFP� mem-
brane. (D) An astrocyte glial cell harboring a cilium in the SGZ of a P7 wild-type
mouse. Low power electron micrograph of a GFAP� cell detected with diffuse
anti-GFAP DAB immunoprecipitation in the cytoplasm. The framed area is
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�Stumpy hippocampus suggests that Shh may act through cilia to
regulate proliferation. We tested this in P8 hippocampal slice
cultures and asked whether exogenously applied Shh could alter
proliferation in the DG. Shh-treated cultures showed a marked
hilar and SGZ proliferative phenotype (data not shown)—
consistent with previous reports in this and other brain regions
(9, 10, 17, 28). In contrast, Shh application to �Stumpy hip-
pocampi failed to induce proliferation when compared with
�Stumpy controls (data not shown). Thus, Shh appears to act
through cilia on ALNPs to control the proliferation of neuronal
precursors.

Discussion
Here, we show that cilia are critical regulators of Shh signaling
in postnatal precursor cells and therefore participate in orches-
trating postnatal forebrain development and stem/precursor cell
maintenance. The absence of cilia and subsequent alteration of
Shh signaling leads to defective hippocampal morphogenesis and
dysregulation of mitotic activity. Our interpretation is that
stumpy, by way of its requirement for ciliogenesis, enables Shh
signaling at the primary cilium and subsequent neuronal pre-
cursor proliferation and postnatal neurogenesis. Whether
stumpy directly participates in the Shh signaling pathway, or in
the cell cycle; or whether there is some cilia-independent Shh-
signaling in this region is unknown.

Radial glia are considered to be the primary neuronal pre-
cursors during embryonic CNS development, and these cells
typically project a primary cilium into the ventricle during

interphase (29). Whether secreted Shh acts on these cells
remains unclear, as most brain regions are reported to form
normally in NestinCre; Smof l/f l mutants (10). However, post-
natal radial glia transition into ALNPs, protoplasmic astrocytes,
and ependymal cells (in addition to several other neural cell
types) (29). Importantly, these transitions for SGZ and SEZ
ALNPs coincide with their responsiveness to Shh (10, 12, 13).
This is supported by SGZ and SEZ abnormalities following
decreased precursor expansion and subsequent progenitor de-
pletion primarily in the first two postnatal weeks in NestinCre;
Smof l/f l mutants (10), and the activity of Shh- and Smo-
responsive progenitors in replenishing of the neurogenic niche
after anti-mitotic treatments (12, 13). The increased hippocam-
pal Shh we observed may reflect a compensatory response to the
loss of cilia (Fig. 4A). However, we also found altered Gli3
processing in �Stumpy mice (Fig. 4B), which may underlie these
changes in Shh levels. Here, we link the proper processing of Gli3
in the cilium to neural precursor/stem cell proliferation and
self-renewal.

Our data demonstrate that, in the absence of cilia, there is a
dramatic diminution in Shh signaling, decreased early prolifer-
ation at P0, and a consequent loss of quiescent precursor cells
later at P13. The smaller size of the DG at P0, the near complete
loss of nuclear Gli1 in the SGZ/hilus, and the loss of slowly
dividing Mcm2� cells in �Stumpy at P13 support this. An
understanding of cilia-mediated Shh signaling and its conse-
quences for cell proliferation have profound clinical implications
beyond hippocampal neurogenesis. The CNS cancer stem cell is

B C
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H I

A D E F
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Fig. 3. Altered cell cycle dynamics, proliferation and differentiation. (A) Control or �Stumpy mice were injected with CldU at P8, IdU on P12 and killed at P13.
(B and C) Immunostaining for Mcm2 (red), Ki67 (magenta), Idu (blue), and Cldu (green) in control showed predominant labeling within the SGZ and the GCL.
Conversely, �Stumpy mice exhibited diffusely distributed proliferating cells and an overall reduction of proliferating cells. Arrows in B point to the Mcm2�
population that does not colocalize with the other proliferative markers, indicative of slowly dividing cells in G1 of the cell cycle. Note the complete lack of this
population in C. (D) The percentage of cells that were CldU� and Idu� was higher in �Stumpy brains, indicating that less of the proliferating pool at P8 is in
the cell cycle at P12. (E) The percentage of cells that were Idu� and Ki67� at P13. In �Stumpy mice, the proportion of cells that exited the cell cycle after 24 h
is increased compared with controls. (F) The percentage of cells that were Mcm2� and negative for Ki67, CldU, and IdU at P13. This slowly dividing stem/precursor
pool is largely depleted in �Stumpy mice. (G) Nestin�/Gfap�/Sox2� cells—radial and nonradial glia—make up a large population of the Mcm2 population in
controls (white arrowheads). Note the attached Nestin�/Gfap� radial process (yellow arrowheads). (H–J) The reduction of dividing cells [labeled at P8 with CldU
(red)] results in a reduced number of DCX (blue) and NeuN- (green) positive neurons (white arrowheads) in �Stumpy mutant DG (I) compared to control
(H)—quantified in (J). Non-neuronal CldU� cells are pointed out by yellow arrowheads. *P � 0.05; **P � 0.001 (Student’s t test).
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Shh-responsive (16), and Shh-related mutations have been
linked to meduloblastoma (30). Thus, a better understanding of
cilia function in neural precursor cells may not only serve to
illuminate the physiologic mechanisms of precursor proliferation
and postnatal neurogenesis, but may also yield novel insights into
CNS oncogenesis.

Note. After completing these studies, Han et al. (31) reported
that Shh signaling is required for DG proliferation via cilia.
Supporting and complementing our findings, their work shows
that mice lacking other cilia genes (e.g., Kif3a and Ift88) have
similar defects in ALNP morphology and numbers. Further, an
attempt to rescue DG proliferation by restoring Shh signaling (by
constitutive activation of Smo) failed to restore neurogenesis in
cilia mutants, indicating the necessity of an intact, functional
cilium. Additionally, Spassky et al. (32) showed that application
of Shh caused massive induction of EGL precursor proliferation
that was absent in Kif3a mutant mice—as we observed in the
DG—strengthening the link between Shh signaling, primary
cilia, and postnatal neurogenesis.

Materials and Methods
Mice and Genotyping. Stumpy mutant mice were generated as previously
described (14). Briefly, a floxed stumpy allele was deleted in the presence of
Cre under the control of the Nestin promoter. Controls consisted of Nestin-
Cre; Stumpyfl/� mice unless otherwise noted. GCE; CAG-CAT-GFP mice for
mosaic labeling were generated as described previously (19). Genotyping for
all strains was carried out as described previously (14, 19). All animal protocols
were in accordance with Yale University and IACUC guidelines.

Immmunostaining. Postnatal mice were perfused intracardially with 1X PBS
followed by 4% PFA. Brains were dissected and fixed overnight in 4% PFA,

rinsed, cryoprotected and frozen over liquid N2. Twenty �m cryosections were
sliced on a cryostat. Standard immunostaining procedures were used for most
antibodies and appropriate secondary-conjugated antibodies. For BrdU/CldU/
IdU immunostaining, sections were pretreated in 2N HCL for 15 min.

Antibodies. The following antibodies were used: mouse anti-acetylated alpha
tubulin (1:1000; Sigma), mouse anti-gamma tubulin (1:1000; Sigma), rabbit
anti-gamma tubulin (1:1000; Sigma), rabbit anti-adenylyl cyclase III (1:500;
Santa Cruz Biotechnology), goat anti-Mcm2 (1:400; Santa Cruz), mouse anti-
GFAP (1:1000; Sigma), rat anti-BrdU (for CldU detection; 1:250; Accurate),
mouse anti-brdU (also for IdU detection; 1:250; Becton Dickinson), chicken
anti-EGFP (1:5000; Abcam), rabbit anti-Ki67 (1:250; Vector), mouse anti-

Fig. 4. Altered mRNA levels of Shh pathway genes and changes in Gli3
processing. (A) Expression levels of Shh pathway genes in hippocampus using
qRT-PCR. Levels of Shh, Smo, Ptc, and Gli1–3 were normalized to levels of
HPRT. *P � 0.05 (Student’s t test). (B) Western blot showing the levels of
full-length Gli3 (�190 kDa) in P5 hippocampus (Hipp) of control and �Stumpy
compared to E11.5 fetus. Note the absence of a detectable band in the control
lane. Shown below is the �-actin loading control. (C) The blot in (B) was
repeated in triplicate and the graph shows the average intensity of Gli3-190
signal relative to �-actin signal for the indicated groups.

Fig. 5. Localization of Shh molecules to ALNP cilia. (A and B) Immunostaining
for Gli1, Sox2 and GFAP in control (A) and �Stumpy (B) mutants. Gli1 largely
colocalized with both Sox2 and GFAP in control. Gli1 immunostaining was
reduced in �Stumpy brains. White arrowheads denote Gli1 cytoplasm/nuclei.
Yellow arrowheads denote cytoplasmic Gli1. Red arrowheads denote pre-
sumptive ciliary Gli1. Purple arrowhead in B and B� denotes a single, faint
Gli1� nucleus in a Sox2� cell. Gli1 immunostaining channel from A and B is
shown from control (A�) and �Stumpy (B�) tissue. (C and D) Higher magnifi-
cation of boxed region in (A). Shown in (C) is a single optical section from the
orthographic view shown in (D). The Gli1 enrichment (white arrowhead)
resembles localization to a cilium. (E, E�) Immunostaining of Smo (green),
�-tubulin (red), Sox2 (blue), and Gfap (magenta) in a pair of hilar astrocytes
near the SGZ. Smo appears enriched in short cilia charateristic of ALNPs. (E�) is
a higher magnification of boxed region in E.
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Calbindin (1:1000; Swant), goat anti-DCX (1:500; Santa Cruz Biotechnology),
anti-Gli1 (1:100; Novus Biologicals), mouse anti-MASH1 (aka Ascl1, BD
PharMingen), mouse anti-NeuN (1:1000; Chemicon), rabbit anti-S100�

(1:1000; Sigma), goat anti-SOX2 (1:500; Santa Cruz Biotechnology), rabbit
anti-SSR3 (1:2000; Gramsch), rabbit anti-Smo (1:200; Lifespan Biosciences),
rabbit anti-Tbr2 (1:20000; Chemicon). Rabbit anti-Stumpy polyclonal antibody
was generated as previously described (1:2000) (14).

Details of all additional methods are available in SI Materials and Methods.
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