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Multiciliated epithelial cells, called ependymal cells, line the ventricles in the adult brain. Most ependymal cells are born prenatally and
are derived from radial glia. Ependymal cells have a remarkable planar polarization that determines orientation of ciliary beating and
propulsion of CSF. Disruption of ependymal ciliary beating, by injury or disease, results in aberrant CSF circulation and hydrocephalus,
a common disorder of the CNS. Very little is known about the mechanisms guiding ependymal planar polarity and whether this organi-
zation is acquired during ependymal cell development or is already present in radial glia. Here we show that basal bodies in ependymal
cells in the lateral ventricle walls of adult mice are polarized in two ways: (1) rotational; angle of individual basal bodies with respect to
their long axis and (2) translational; the position of basal bodies on the apical surface of the cell. Conditional ablation of motile cilia
disrupted rotational orientation, but translational polarity was largely preserved. In contrast, translational polarity was dramatically
affected when radial glial primary cilia were ablated earlier in development. Remarkably, radial glia in the embryo have a translational
polarity that predicts the orientation of mature ependymal cells. These results suggest that ependymal planar cell polarity is a multistep
process initially organized by primary cilia in radial glia and then refined by motile cilia in ependymal cells.

Introduction
Ependymal cells are multiciliated epithelial cells that line the
walls of the ventricular system in the adult brain. These cells are
polarized in the epithelial plane, and this planar polarity is essen-
tial for propelling CSF, which helps redistribute and dilute local
concentrations of toxins and metabolites (Del Bigio, 1995). Early
in neurodevelopment, the embryonic ventricles are lined by a
germinal epithelium. This embryonic neuroepithelium has pla-
nar polarity that drives morphogenetic movements essential for
neural tube closure (Colas and Schoenwolf, 2001; Wallingford,
2006). Later, radial glial cells within this epithelium contain both
spatial and temporal patterning that determines cell fate and cell
position in the developing brain (Hébert and Fishell, 2008). A
subpopulation of radial glia transform into ependymal cells
(Spassky et al., 2005). Yet, planar cell polarity within individual
radial glial cells has not been described and the mechanism by
which ependymal cells develop their unique polarity remains
unknown.

Ependymal cells extend multiple motile (9 � 2) cilia from
their apical surface into the ventricles (Bruni, 1998). Planar-
polarized beating of these cilia generates directed CSF flow

(Worthington and Cathcart, 1963; Ibañez-Tallon et al., 2004;
Sawamoto et al., 2006) and helps maintain CSF homeostasis
(Cathcart and Worthington, 1964; Del Bigio, 1995). Recent evi-
dence also suggests that ependymal-generated CSF flow estab-
lishes gradients of chemorepellents that guide the migration of
young neurons in the adult mammalian subventricular zone
(Sawamoto et al., 2006).

Disrupting ependymal ciliary beating results in an accumula-
tion of CSF in the brain ventricles and is a pathogenic mechanism
of hydrocephalus (Nakamura and Sato, 1993; Ibañez-Tallon et
al., 2004), one of the most common anomalies of the CNS (Bruni
et al., 1985). In addition to hydrocephalic mouse models where
the genetic defect disrupts ciliary motility (Torikata et al., 1991;
Ibañez-Tallon et al., 2004) or ciliogenesis (Chen et al., 1998;
Sapiro et al., 2002; Davy and Robinson, 2003; Banizs et al., 2005),
human patients with primary ciliary dyskinesia also develop hy-
drocephalus (Jabourian et al., 1986; al-Shroof et al., 2001; Ibañez-
Tallon et al., 2002; Wessels et al., 2003; Afzelius, 2004). The planar
polarized beating of ependymal cilia is therefore essential for nor-
mal brain function. However, very little is known about the
mechanism of planar cell polarity in ependymal cells.

Although there are functional assays for the planar polarity of
ependymal cells, which measure the orientation of fluid flow
above the surface of the epithelium (Ibañez-Tallon et al., 2004;
Sawamoto et al., 2006), the cellular mechanism of this polarity is
not known. We examined the basal bodies of ependymal cells by
electron microscopy and immunofluorescence confocal micros-
copy. We found that two parameters of ependymal cell basal
bodies, their rotational orientation and their translational posi-
tion on the apical surface, correlated with the direction of fluid
flow. Furthermore, by analyzing basal bodies in mutants that lack
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motile (9 � 2) cilia in ependymal cells or primary (9 � 0) cilia in
their radial glial progenitors, we found that these two basal body
parameters were differentially regulated. Finally, we found that
the position of primary cilia on the apical surface of a subpopu-
lation of radial glia was already polarized before their transfor-
mation into ependymal cells. Our results suggest that the primary
cilium and its basal body apparatus may orchestrate the planar
polarized architecture of both radial glia and their progeny
ependymal cells.

Materials and Methods
Animals. All experiments were performed on mice according to the
guidelines put forth by the UCSF Laboratory Animal Care and Use Com-
mittee. Mouse strains included CD-1 wild-type mice, and hGFAP::Cre,
Nestin::Cre, Kif3a-flox, and IFT88-flox mice that were bred to produce
conditional loss of cilia mutant mice.

Wholemount dissection. After cervical dislocation, the brain was removed
from the skull and wholemounts of the lateral ventricle walls were freshly
dissected as described previously (Mirzadeh et al., 2008). Briefly, a ventricu-
lotomy was performed on each hemisphere to expose the walls of the lateral
ventricle from their anterior to posterior extent. The exposed walls were then
immersed in 4% paraformaldehyde at 4°C overnight.

Ependymal flow movies. Wholemounts of the lateral (or medial) wall of
the lateral ventricle were freshly dissected and placed in 37°C Leibovitz
media under a fluorescent stereomicroscope. A glass micropipette filled
with fluorescent microbeads (2 �m) attached to a micromanipulator was
lowered onto the wholemount, where microbeads were deposited onto
the ventricular surface. We recorded the flow of microbeads using a
Retiga 2000R high speed digital camera plugged into OpenLab imaging
software (Improvision), with an acquisition rate of 10 frames per second.

Immunostaining and microscopy. Primary and secondary antibodies
were incubated in PBS with 0.5% TX and 10% normal goat serum for
24 h at 4°C. Primary antibodies: mouse anti-acetylated tubulin (1:1000,
Sigma T6793), rabbit anti-�-tubulin (1:1000, Sigma T5192), mouse anti-
�-catenin (1:500, BD Transduction Laboratories 610153), rabbit anti-�-
catenin (1:1000, Sigma C2206), rat anti-CD24 (1:500, BD PharMingen
557436), and chicken anti-GFP (1:500, Aves Labs GFP-1020). Secondary
antibodies: conjugated to Alexa Fluor dyes (goat or donkey polyclonal,
1:400, Invitrogen). Confocal images were taken on a Leica SP5 using a
100� oil objective (NA 1.46). Transmission electron microscopy analysis
was performed as described previously (Doetsch et al., 1997). For recon-
struction of the apical surface and basal bodies of E1 cells, we cut �200
serial ultrathin (0.05 �m) sections that were placed on Formvar-coated
single-slot grids, stained with lead citrate, and examined under a Jeol
100CX EM.

Quantification of basal body patch angle. We wrote a program in Meta-
Morph imaging software (Molecular Devices) to draw a vector connect-
ing the center of two sequentially traced profiles: the apical surface of the
cell and the area covered by that cell’s basal body patch. The angle of this
vector was called the BB patch angle. To determine the similarity of BB
patch angles within a given high-power field, we calculated the deviation
of each cell’s BB patch angle from the median within the field, and these
data were plotted as a histogram. Only ependymal cells that had their
entire apical surface within the high-power field were analyzed. High-
power fields were of the following sizes: 127 � 127 �m 2 (P30 wild-type
analysis, see Fig. 2; supplemental Fig. S2, available at www.jneurosci.org
as supplemental material), 89 � 89 �m 2 (P30 ciliary mutants analysis
and E16, E18, and P1 wild-type analysis; see Figs. 3, 5, 6; supplemental
Figs. S10, S11, available at www.jneurosci.org as supplemental material).
For the analysis of hGFAP::Cre;Kif3afl/fl mutants (n � 5) and control
littermates (n � 5), we analyzed 6 nonoverlapping high-power fields, 3
fields posterior to the adhesion area, along the dorsal-ventral midline of
the lateral wall (corresponding to Region PM), and 3 fields anterior to the
adhesion area along the dorsal-ventral midline. However, since Kif3a
mutants lack an adhesion point, likely due to hydrocephalus and ex-
panded ventricles, we could not use this landmark as a reference in mu-
tants. Instead, the anterior–posterior position of high-power fields taken
in controls was recorded relative to the anterior boundary of the whole-

mount (0.2– 0.7 mm for the anterior region and 1.7–2.5 mm for the
posterior region) and corresponding fields were imaged and analyzed in
mutant wholemounts. For Nestin::Cre;Kif3afl/fl mutants, we imaged 10
nonoverlapping high-power fields (5 anterior and 5 posterior) to better
approximate the true distribution of BB patch angles. For analysis of
radial glial planar polarity at E16, E18, and P1, we examined 3 high-
power fields from each lateral wall studied (1 field in the anterior-ventral
corner of the wholemount and 2 fields from a more posterior-ventral
position near the foramen of Monro).

Quantification of basal body rotational orientation. Alignment of basal
body rotational orientation was determined in ependymal cells by recon-
structing their apical surface and basal bodies in �200 serial en-face
ultrathin sections. For basal bodies in each reconstructed ependymal cell,
a vector was drawn from the center of the basal body barrel to the vertex
of its basal foot and the angle of this vector was determined using Meta-
Morph software. We then calculated the deviation of each basal foot
angle from the median basal foot angle within a cell and plotted deviation
histograms similar to that for BB patch angles.

Results
Functional assays for ependymal planar polarity
We used fluorescent beads (2.0 �m diameter) placed on live
preparations of the lateral wall of the lateral ventricle to measure
direction and speed of ependymal flow (Fig. 1A; supplemental
Movie S1, available at www.jneurosci.org as supplemental mate-
rial). This flow was highly stereotyped in 10 mice analyzed. The
beads moved at speeds that ranged between 0.5–2 mm/s (10
beads analyzed per wholemount from 4 mice). The pattern of
ependymal flow was studied in the anterior horn. Beads flowed in
two streams: 1) dorsal—strong initial flow from posterior to an-
terior and then dorsal to ventral and 2) posterior— dorsal to
ventral flow. Ependymal flow in the anterior horn appeared to be
organized around the adhesion area and directed toward the fo-
ramen of Monro. These observations are consistent with previ-
ous studies (Sawamoto et al., 2006) in which India ink was used to
visualize ependymal flow. We chose three regions around the
adhesion area (Fig. 1A, depicted by red squares) for the analysis
shown in Figure 2 and supplemental Figure S2 (available at www.
jneurosci.org as supplemental material). The movement of fluo-
rescent beads on the ventricular surface provided a dynamic assay
for ependymal planar polarity and suggested how individual
ependymal cells must be oriented in specific regions of this wall.
The orientation of ependymal cells was confirmed by direct visu-
alization of ciliary beating in region AD (Movie S2). The ciliary
beating cycle consisted of two distinct bending forms that re-
vealed this orientation, similar to what has been described for
other multiciliated epithelia (Sanderson et al., 1990). These re-
sults demonstrated the stereotyped orientation of ependymal
cells in specific regions of the ventricular wall and raised the
question of the cellular properties that determine this exquisite
planar polarity.

Cellular indicators of ependymal planar polarity
The basal foot, an electron-dense conical structure attached lat-
erally to the basal body barrel, bestows rotational asymmetry to
the basal body (Fig. 1B). This is a useful indicator of the basal
body’s rotational orientation, which dictates the direction of fluid
flow (Tamm et al., 1975; Marshall and Kintner, 2008). We exam-
ined, by electron microscopy (EM), basal foot orientation on the
basal bodies of ependymal cells lining the lateral wall of the lateral
ventricle. Ultrathin sections were cut in the plane parallel to the
ventricular surface. Figure 1C shows two adjacent ependymal
cells in region AD, where flow was directed in the anteroventral
direction. The orientation of the image in Figure 1C and all sub-
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sequent images in this study correspond to the orientation of the
lateral wall wholemount shown in Figure 1A. Figure 1, D and E,
presents higher-power images of the boxed regions in Figure 1C,
showing that basal feet of basal bodies in adjacent cells were well
aligned (blue arrows indicate direction of basal foot). Additional
examples are shown in supplemental Figure S1 (available at www.
jneurosci.org as supplemental material). Like other multiciliated
epithelia (Boisvieux-Ulrich et al., 1985; Satir and Dirksen, 1985;
Mitchell et al., 2007), the direction of the basal foot was aligned
with the direction of fluid flow. The basal foot is therefore a
reliable anatomical indicator of ependymal planar polarity.

Surprisingly, our EM analysis suggested that the position of
the basal bodies themselves was polarized to one side of the
ependymal cell apical surface. This corresponded to the side to-

ward which the basal feet were directed (Fig. 1C). Planar polarity
of basal body position on the apical surface has not been reported
in other multiciliated epithelia (Satir and Christensen, 2007). To
investigate this planar organization, we immunostained whole-
mounts of the lateral wall of the lateral ventricle for �-tubulin,
which labels basal bodies, and �-catenin, an adherens junction
component that delineates the apical cell surface (Mirzadeh et al.,
2008) (Fig. 2A,B). Ependymal cell basal bodies were clustered
into a well circumscribed patch (32–73 basal bodies per patch,
mean: 49) that accounted for 16 � 5% (range: 4 –35%) of the
total apical surface of ependymal cells. This enabled us to quan-
tify the planar polarized position of the basal body patch relative
to the apical surface. For this analysis, we wrote a program in
MetaMorph (Molecular Devices) that drew a vector from the

Figure 1. Functional planar polarity of the ependyma. Diagram at top right shows the lateral wall of the lateral ventricle divided by 4 lines into the regions analyzed: AD (anterior– dorsal), AV (anterior–
ventral), and PM (posterior–middle). Line (a1) bisects the adhesion area into an anterior and posterior half. Line (a2) bisects the region between line (a1) and the anterior boundary of the wholemount. Line (b1)
and (b2) run parallel along the anterior–posterior axis of the wholemount and divide the dorsal-ventral axis into 3 equal rows. A, Top is from 89 consecutive frames of Movie S1 that were merged into a single
picture. Fluorescent microbeads were deposited (*) on the surface of a wholemount of the lateral wall of the lateral ventricle. Oriented flow lines reveal planar polarized movement of beads above the ventricular
wall surface driven by ependymal cilia. Each flow line represents sequential positions of a single bead. Yellow arrows indicate direction of flow. Anterior (a) and dorsal (d) directions are shown by white arrows.
The adhesion area is where the medial and lateral walls are fused within the ventricular cavity; it is not covered by ependyma. Red boxes outline flow in regions AD, AV, and PM where cellular analyses in Figure
2andsupplementalFigureS2(availableatwww.jneurosci.orgassupplementalmaterial)wereperformed.Theseregionsarereadily identifiedwithrespecttotheadhesionareaandtheir flowdifferssignificantly:
anteroventral in AD and PM, posteroventral in AV. Bottom shows individual frames of this movie. Scale bar, 0.5 mm. B, High-power image of 2 ependymal cell basal bodies demonstrating the ultrastructure of
the barrel and the basal foot (arrowheads) in cross-section. Scale bar, 200 nm. C, En-face electron micrograph near the apical surface of 2 adjacent ependymal cells in region AD. The orientation of this image and
all subsequent images in this study correspond to the orientation of the wholemount in A. Note clustering of basal bodies to one side of the apical surface in both cells. Higher-power images of the basal bodies
are shown in D and E (boxed regions). Scale bar, 2 �m. D, E, Some basal bodies in C were transected at the level of the basal foot. Orientation of the basal foot (blue arrows) is consistent within each cell and
between cells and points in the direction of CSF flow (black arrow in (C). Scale bar, 0.25 �m.
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center of the cell’s apical surface to the center of the basal body
patch (Fig. 2C,D). The vector’s angle was taken as a measure of
the polarized position of the basal body patch on the apical sur-
face. We will refer to this vector angle as the basal body (BB) patch
angle. For each high-power field (127 � 127 �m 2), we calculated
the deviation from the median BB patch angle of each cell’s BB
patch angle. These data were plotted on a histogram (Fig. 2E,F).

Clustering around 0° on this histogram
would represent well aligned BB patch an-
gles (little deviation between cells). Our
data from high-power fields in regions AD
and AV (175 cells analyzed in AD, 155
cells analyzed in AV from n � 4 mice)
indicated that BB patch angles were highly
oriented in the ependymal layer. Eighty-
seven percent of cells in region AD and
88% of cells in region AV had BB patch
angles within 45° of the median. The me-
dian BB patch angles in these regions (av-
eraged from n � 4 mice, depicted by red
arrows in Fig. 2C,D) were correlated with
the direction of CSF flow. Similar results
were obtained for three other regions in
the ventricular system (supplemental Fig.
S2, available at www.jneurosci.org as sup-
plemental material), including region PM
of the lateral wall of the lateral ventricle
(region PM shown in Fig. 1), region AV of
the medial wall of the lateral ventricle
(medial wall region AV shown in supple-
mental Figure S3 (available at www.
jneurosci.org as supplemental material)),
and a dorsal region of the third ventricle
wall. In addition, we confirmed the polar-
ized position of BB patches by staining
for ciliary bundles on the ventricular wall
surface with antibodies for acetylated-
tubulin, which labels the ciliary axoneme
(supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).
These results showed that basal body
patches were positioned on the “down-
stream” side of the ependymal cells’ apical
surfaces, with respect to the direction of
CSF flow.

Motile cilia are not essential for BB
patch position but are required for BB
rotational orientation
The “downstream” position of basal body
patches on the apical surface of ependy-
mal cells suggested that this anatomical
planar polarity might be secondary to the
mechanical force exerted by beating cilia
on their basal body apparatus. In this sce-
nario, the position of basal body patches is
not an independent indicator of structural
polarity within the cell, but rather a con-
sequence of functionally polarized beat-
ing of cilia. To test this possibility, we
conditionally ablated ependymal cilia by
crossing mice expressing Cre under the
human glial fibrillary acidic protein pro-

moter (hGFAP::Cre) with mice carrying conditional Kif3a alleles
(Kif3afl/fl). Kif3a encodes a subunit of the kinesin-2 motor that is
essential for ciliogenesis (Kozminski et al., 1995). Cre expression
in hGFAP::Cre mice begins in forebrain radial glia at E13.5 (Mala-
testa et al., 2003), and because ependymal cells are derived from
radial glia (Spassky et al., 2005), this results in widespread recom-
bination in the adult ependyma (Zhuo et al., 2001).

Figure 2. Basal body patch position is an anatomical indicator of ependymal planar polarity. A, B, Confocal images from regions
AD and AV (see Fig. 1 A) of lateral wall wholemounts stained for �-catenin (green) and �-tubulin (red). In both regions, the patch
of basal bodies is located on the “downstream” side of the apical surface with respect to CSF flow (compare with flow in boxed
regions in Fig. 1 A). Scale bar, 10 �m. C, D, Traces of the apical surfaces and basal body patches in A, B. Basal body patch position
was measured relative to the apical surface using a vector connecting the centers of these two traced regions for each cell. The angle
of this vector was called the basal body (BB) patch angle. The red arrows indicate the direction of the median angle in the region.
E, F, For each high-power field analyzed, the difference between each cell’s BB patch angle and the median BB patch angle in the
field was calculated and these data were plotted on a histogram. The narrow distribution around 0° revealed that BB patch angles
in these regions were highly oriented.
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To determine when cilia are lost in hGFAP::Cre;Kif3afl/fl

mutants, we performed wholemount costaining for acetylated-
tubulin and �-tubulin at P2, an age when radial glial transforma-
tion into ependymal cells has begun in the lateral ventricles
(Spassky et al., 2005). This revealed that mutant ependymal cells
lacked cilia associated with their multiple basal bodies (supple-
mental Fig. S5F, arrowheads), but that radial glial cells had a
primary cilium associated with a single basal body at their apical
surface (Fig. S5B,F, available at www.jneurosci.org as supplemen-
tal material). These results suggested that hGFAP::Cre;Kif3afl/fl mutants
lose cilia during the transformation from a radial glial cell with a
primary cilium into an ependymal cell with multiple motile cilia.
Consistently, ependymal cells in adult hGFAP::Cre;Kif3afl/fl mu-
tants lacked cilia (Fig. 3A–D). As a consequence, these mutants
had hydrocephalus (supplemental Fig. S6, available at www.
jneurosci.org as supplemental material).

Remarkably, the organization of basal body patches on the
apical surface of ependymal cells lacking cilia was largely pre-
served (Fig. 3E–H). To quantify this organization, we analyzed 6
nonoverlapping high-power fields (89 � 89 �m 2) from each of 5
mutants (790 cells analyzed) and 5 control littermates (624 cells
analyzed) at P30 (corresponding high-power fields were analyzed
in mutants and controls). In the absence of the ciliary axoneme,
basal bodies in mutant ependymal cells were maintained in
tightly clustered patches, accounting for 19 � 6% of the total
apical surface area, similar to controls at 22 � 7% (Fig. 3E,F).
Moreover, the BB patch angles in the mutant ependyma were
highly oriented, with only a small increased deviation from the
median compared with controls (Fig. 3G–I). Figure 3I is a histo-
gram, similar to histograms of BB patch angles in Figure 2, show-
ing the distribution of BB patch angles around the median in
mutant and control ependyma. Although mutant BB patch an-
gles were more widely distributed around the median than in
controls (curve fit test, p � 0.0001), they were still highly clus-
tered around the median. In the mutant, 75% cells had BB patch
angles within 45° of the median, while in controls it was 90% cells.
In addition, we compared the displacement of the BB patch from
the center of the apical surface using the magnitude of the BB
patch vector. To control for different sizes and shapes of apical
surfaces, the magnitude of the vector was normalized by dividing
by the length of the line drawn from the center of the apical
surface, in the direction of the vector, to the cell perimeter (sup-
plemental Fig. S7, available at www.jneurosci.org as supplemen-
tal material, normalization method illustrated). The BB patch
displacement was therefore represented as a ratio of the displace-
ment along this line. As shown in Figure 3J, there was no differ-

Figure 3. Planar polarity of basal body patches does not require motile (9 � 2) cilia. A, B,
Low-power confocal images of lateral wall wholemounts from the LV of hGFAP::Cre;Kif3afl/fl

mutants and control littermates stained for acetylated-tubulin. Tufts of cilia, seen as small
white puncta on the ependymal surface of controls at this magnification, are missing in mu-
tants. Asterisk on the control wholemount indicates the adhesion area, which is not present in
the mutant, likely due to hydrocephalus. Anterior (a) and dorsal (d) directions are indicated by
arrows. Scale bar, 0.5 mm. C, D, High-power confocal images from the wholemounts in A, B
show that while microtubule-based cilia were absent on the apical surface of mutant ependymal

4

cells, the microtubule network (*) within these cells was preserved. Note also that intraventric-
ular axons (magenta arrowheads), stained by acetylated-tubulin, were seen on the ventricular
surface of both wholemounts, although more clearly on the cilia-deficient mutant ependyma.
Intraventricular axons have been described previously (Vígh et al., 2004). Scale bar, 10 �m. E, F,
Confocal images of control and hGFAP::Cre;Kif3afl/fl mutant lateral wall wholemounts stained
for �-catenin (green) and �-tubulin (red). Basal bodies in mutant ependymal cells were main-
tained in tightly clustered patches. The planar polarized position of these patches was also
largely preserved in the absence of motile cilia. Scale bar, 10 �m. G, H, Traces of the apical
surfaces and basal body patches in E, F, with vectors indicating the relative position of the BB
patch. I, Histogram showing the distribution of BB patch angles around the median in control
(blue) and mutant (red) ependyma. As indicated by the narrow distribution, the mutant
ependyma had highly oriented BB patch angles (n�5 mutants (790 cells), 5 control littermates
(624 cells); curve fit test, p � 0.0001). J, Histogram showing the distribution of normalized BB
patch displacement from center in control (blue) and mutant (red) ependyma (curve fit test,
p � 0.9839).
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ence in BB patch displacement between mutant and control
ependyma (curve fit test, p � 0.9839). This data suggested that
motile cilia are not required for the planar polarization of basal
body patches on the apical surface of ependymal cells, but they
may have a role in optimizing this polarization. Therefore, the BB
patch position was an independent indicator of structural planar
polarity within ependymal cells, not reliant on functional planar
polarity of beating cilia.

We next tested whether motile cilia were required for align-
ment of rotational orientation of basal bodies using EM of en-
face ultrathin sections to evaluate the basal feet in mutant and
control ependyma (Fig. 4A–D). For basal bodies in each ependy-
mal cell analyzed, a vector was drawn from the center of the basal
body barrel to the vertex of its basal foot and the angle of this
vector was determined using MetaMorph software. We then cal-
culated the deviation of each basal foot angle from the median
basal foot angle within a cell. These data were plotted on a histo-
gram, similar to that for BB patch angles (Fig. 4E). Rotational
orientation of basal bodies was highly aligned in control animals,
with 97% basal feet within 45° of the median (n � 3 mice, 330
basal bodies in 65 cells analyzed). However, in mutants, there was
a dramatic reduction in this alignment, with only 54% within 45°
of the median (n � 3 mice, 750 basal bodies in 92 cells). This
effect ( p � 0.0001) on the alignment of basal body rotational
orientation, compared with BB patch position, suggested that
while motile cilia are not essential for translation positioning of
basal bodies, they are required for proper rotational orientation.
More generally, this showed that the translational position and
rotational orientation of basal bodies are affected differently by
ependymal cilia.

To verify that the misalignment of basal body rotational ori-
entation in hGFAP::Cre;Kif3afl/fl mutants was due to a defect in
ciliogenesis, and not another potential function of Kif3a, we
crossed hGFAP::Cre mice to mice carrying a conditional allele of
Ift88 (Haycraft et al., 2007). Ift88 encodes intraflagellar transport
homolog 88, another protein essential for ciliogenesis (Murcia et
al., 2000). hGFAP::Cre;Ift88fl/fl mutants were hydrocephalic and
lacked cilia in ependymal cells (data not shown). Consistent with
the above observations, only 56% basal feet were within 45° of the
median in hGFAP::Cre;Ift88fl/fl mice (n � 2 mice, 569 basal bodies
in 84 cells) compared with 99% in controls (n � 2 mice, 271 basal
bodies in 36 cells) (supplemental Fig. S8, available at www.
jneurosci.org as supplemental material). This confirmed that
misalignment of basal body rotational orientation was due to
defective ciliogenesis.

Radial glia exhibit basal body planar polarity before
transformation into ependymal cells
The above results suggested that translational planar polarity of
ependymal cell basal bodies might be established before ependy-
mal cell differentiation occurs and before their extension of mo-
tile cilia. We therefore investigated for evidence of planar cell
polarity on the apical surface of radial glia during late embryo-
genesis and perinatally, before their transformation into ependy-
mal cells. We immunostained the lateral ventricular walls of E16,
E18, and P1 wild-type mice for �-catenin, to demarcate cell bor-
ders, and �-tubulin, to visualize the primary cilia basal bodies
(Fig. 5). The lateral ventricular walls at these ages are covered by
densely packed, small apical surfaces of radial glial cells (Tramon-
tin et al., 2003), identified by the presence of a single basal body
associated with a primary cilium. A subset of these cells is under-
going transformation into ependymal cells (Spassky et al., 2005).
As previously described, we observed that ependymal transfor-

mation occurs in a medial to lateral and posterior to anterior
gradient (supplemental Fig. S9, available at www.jneurosci.org as
supplemental material). We also observed that radial glial apical
surfaces were much smaller in anterior regions of the lateral wall
than in posterior regions [compare supplemental Fig.S10A to
supplemental Fig. S10B (both available at www.jneurosci.org as
supplemental material) and supplemental Fig. S11A to S11B
(both available at www.jneurosci.org as supplemental material)].
At successively older ages from E16 to P5, radial glial apical sur-

Figure 4. Alignment of basal body rotational orientation requires motile cilia. A, B, En-face
electron micrographs from the apical surface of control and hGFAP::Cre;Kif3afl/fl mutant ependy-
mal cells demonstrated the organization and rotational orientation of their basal bodies. C, D,
Schematic drawings of the basal bodies shown in A, B illustrate the misalignment of basal body
rotational orientation, indicated by triangle-shaped basal feet, in hGFAP::Cre;Kif3afl/fl mutants.
E, Histograms showing the distribution of basal foot angles around the median in control and
hGFAP::Cre;Kif3afl/fl mutant ependyma demonstrated that basal body rotational orientation is
significantly reduced in the absence of motile cilia ( p � 0.0001, n � 3 control mice with 330
basal bodies in 65 cells analyzed, 3 mutant mice with 750 basal bodies in 92 cells).
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faces in more anterior regions expanded,
before the multiplication of the number
of basal bodies at these apical surfaces. In
addition, using �-tubulin staining, we ob-
served dense punctate deposits likely cor-
responding to deuterosomes (structure
used to build multiple basal bodies)
(Spassky et al., 2005) in some radial glia
with expanded apical surfaces (Fig. 5, deu-
terosomes indicated by arrow in P1 im-
age). These �-tubulin deposits were never
observed in radial glia with apical surfaces
measuring �25 �m 2. This suggested that
expansion of the apical surface was a fea-
ture of a radial glial cell undergoing ependy-
mal transformation. Note that type B1 cells,
the ventricle-contacting adult neural stem
cells, maintain small apical surfaces post-
natally (average 24 �m 2) (Mirzadeh et al.,
2008).

Remarkably, as early as E16, a subset of
radial glia exhibited planar polarity in the
position of the single basal body on the
apical ending. We quantified this polar-
ization with the same method used to
analyze ependymal cells. This polarity
became incrementally more refined
across the population of radial glia be-
tween E16 and P1 (Fig. 5): at E16, 43%
radial glia had BB angles within 45° of
the median (n � 3 mice, 3197 cells),
which increased to 51% at E18 (n � 3
mice, 1727 cells), and 61% at P1 (n � 3
mice, 2834 cells). Basal bodies in neigh-
boring radial glia were displaced to the
same side of the apical surface, which in-
terestingly corresponded to the “down-
stream” side where ependymal cells will
later in development concentrate their
motile cilia. This was true for radial cells at different stages of
transformation into ependymal cells, including radial glia with a
small apical surface, those with larger apical surfaces, and those
containing deuterosome-like structures (Fig. 5; supplemental
Figs. S10, S11, available at www.jneurosci.org as supplemental
material). This suggested that well in advance of the formation of
multiciliated ependymal cells, radial glia have already developed
planar polarity that is predictive of the future patterns of ventric-
ular flow propelled by ependymal cells.

We also performed several subgroup analyses at P1. Supple-
mental Figure S10, A–C (available at www.jneurosci.org as sup-
plemental material), shows that radial glia were equally well oriented
whether in anterior or more posterior regions. The regions analyzed
are indicated insupplementalFigureS9(availableatwww.jneurosci.
org as supplemental material): 1) in the posterior region, or
“transformation zone” (supplemental Fig. S9, available at
www.jneurosci.org as supplemental material, arrowhead) some
ependymal differentiation had already begun while 2) more an-
teriorly (supplemental Fig. S9, available at www.jneurosci.org as
supplemental material, arrow), no ependymal cells were ob-
served and radial glia were densely packed with small apical sur-
faces. This suggested that at P1, the developmental stage of
individual cells was not an essential determinant of polarity. Fur-
thermore, we directly tested whether acquisition of planar polar-

ity was a feature of transforming radial glia, identified by their
expanded apical surface, or whether cells with small apical
surfaces also had polarized basal body position. As shown in
supplemental Figure S10 D (available at www.jneurosci.org as
supplemental material), cells with apical surfaces measuring �25
�m 2 also had well oriented basal body angles. There was not a
statistically significant difference in the distribution of BB angles
between cells with apical surfaces measuring less than or �25
�m 2. This suggested that radial glia themselves, before ependy-
mal transformation, have planar polarity.

Primary cilia in radial glia are essential for subsequent BB
patch position in ependymal cells
Recent evidence suggests that primary cilia are important regula-
tors of planar cell polarity (Ross et al., 2005; Park et al., 2006;
Jones et al., 2008). Our results showed that radial glia exhibited
planar polarity in the position of their primary cilium and its
associated basal body, which were predictive of the polarized
position of BB patches in their progeny ependymal cells. To test
whether radial glial primary cilia are required for ependymal pla-
nar polarity, we crossed Kif3afl/fl mice with Nestin::Cre mice that
express Cre under the Nestin promoter, which is active in
radial glia at E10.5 (Graus-Porta et al., 2001). We analyzed the
ventricular walls of Nestin::Cre;Kif3afl/fl mutants at P2 and

Figure 5. Planar polarity of basal body position in radial glia. Confocal images of lateral wall wholemounts from E16, E18, and
P1 wild-type mice stained for �-catenin (green) and �-tubulin (red). Images were taken from a mid-ventral region of the
wholemount near the foramen of Monro (supplemental Fig. S9, available at www.jneurosci.org as supplemental material, arrow-
head). At successively older ages, radial glial apical surfaces expanded and by P1, some radial glia had already transformed into
ependymal cells with multiple basal bodies. Note that some cells had dense punctate �-tubulin staining likely corresponding to
deuterosomes (arrow in P1 image). The histograms show that at successively older ages, an increasingly larger fraction of radial
glia exhibited planar polarity of their single basal body. Neighboring cells had their basal body displaced to the ensuing “down-
stream” side of the cell with respect to CSF flow. Scale bar, 10 �m.
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found that in addition to an absence of motile cilia in ependy-
mal cells, with very few exceptions primary cilia of radial glia
were also absent (supplemental Fig. S5 D, H, available at www.
jneurosci.org as supplemental material). These mutants al-
lowed us to assess the role of radial glial primary cilia in
ependymal planar polarity.

We analyzed Nestin::Cre;Kif3afl/fl mu-
tants and control littermates at P30 using
a similar approach as used for hGFAP:: Cre;
Kif3afl/fl animals. Although mutants
lacked both radial glial primary cilia and
ependymal cell motile cilia, ependymal
cells in these mice differentiated, ex-
panded their apical surfaces and devel-
oped tightly clustered patches of basal
bodies, accounting for 15 � 6% of the api-
cal surface, compared with 16 � 6% in
controls (Fig. 6A,B). Interestingly, BB patch
angles in Nestin::Cre;Kif3afl/fl mutants were
poorly oriented (Fig. 6E, curve fit test, p �
0.0001), with only 49% cells within 45° of
the median (total 395 cells from n � 2 mu-
tants), compared with 94% cells in controls
(total 257 cells from n � 2 control litter-
mates). Moreover, when directly com-
pared with hGFAP::Cre;Kif3afl/fl mutants,
the BB patch angle distribution for
Nestin::Cre;Kif3afl/fl mutants was signifi-
cantly wider ( p � 0.0001). Note, however,
that even Nestin::Cre;Kif3afl/fl mutants have
some residual polarization in their BB patch
angles.

In addition to this quantitative differ-
ence in the BB patch angle distribution
between Nestin::Cre;Kif3afl/fl and hGFAP::
Cre;Kif3afl/fl mice, we found a qualitative
difference in the BB patch displacement.
This parameter was not affected in
hGFAP::Cre;Kif3afl/fl mutants (Fig. 3J).
However, in Nestin::Cre;Kif3afl/fl mutants,
which also lack primary cilia in radial glia,
there was a significant left shift of the BB
patch displacement curve (Fig. 6F, p �
0.0001). This left shift corresponds to cells
with more centrally positioned BB patches.
This suggested that primary cilia, in addi-
tion to having a prominent role in align-
ing the BB patch angles, partially regulate
the initial peripheral positioning of basal
body patches. However, other factors
must also be involved in this process be-
cause many ependymal cells in Nestin::Cre;
Kif3afl/fl mice do have peripherally placed
BB patches. In sum, Nestin::Cre;Kif3afl/fl

mutants have a mixture of two different
polarity phenotypes: some cells are “mis-
polarized,” wherein they have peripher-
ally positioned BB patches that are not
aligned, while other cells are “nonpolar-
ized,” wherein their BB patch is centrally
positioned. Ependymal basal body rota-
tional orientation was not analyzed in
Nestin::Cre;Kif3afl/fl mice, which similar

to hGFAP::Cre;Kif3afl/fl mutants, also lack ependymal cilia and
would be expected to have similarly disrupted rotational polarity.

Discussion
We have shown that, in addition to basal body rotational orien-
tation indicated by the basal foot, the position of the basal body

Figure 6. Planar polarity of ependymal basal body patches is disrupted by loss of primary cilia from radial glial progenitors.
A, B, Confocal images of control and Nestin::Cre;Kif3afl/fl mutant lateral wall wholemounts stained for �-catenin (green) and
�-tubulin (red). Basal bodies in mutant ependymal cells were maintained in tightly clustered patches but the planar polarized
position of these patches was less evident. Scale bar, 10 �m. C, D, Traces of the apical surfaces and basal body patches in A, B, with
vectors indicating the relative position of the BB patch. Cells shaded in gray had BB patches that were not displaced from the cell
center. E, Histogram showing the distribution of BB patch angles around the median in control (blue) and mutant (red) ependyma.
Orientation of BB patch angles was dramatically disrupted in Nestin::Cre;Kif3afl/fl mutants compared with controls (curve fit test,
p � 0.0001), also significantly more disrupted when compared directly with hGFAP::Cre;Kif3afl/fl mutants ( p � 0.0001, see Fig. 3I
red curve). F, Histogram showing the distribution of normalized BB patch displacement from center in control (blue) and mutant (red)
ependyma (curve fit test, p � 0.0001). Nestin::Cre;Kif3afl/fl mutants had ependymal cells with more centrally positioned BB patches.
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patch on the apical surface of ependymal
cells is an anatomical correlate to their
functional planar polarity, the oriented
beating of their multiple cilia. The posi-
tion of the basal body patch was measured
with respect to the center of the cell’s api-
cal surface by a vector. The angle of this
vector, which we call the basal body (BB)
patch angle, was highly consistent among
neighboring cells in the epithelium and
was correlated to the direction of fluid
flow and ciliary beating throughout the
adult ventricular system. Moreover, the
orientation of BB patch angles was largely
preserved in the absence of motile cilia,
indicating that this was an independent
indicator of ependymal cell polarity, not
secondary to mechanical forces imposed
by ciliary beating. While mutants lacking
motile cilia had largely preserved basal
body patch positioning, the rotational
orientation of basal bodies within each
patch was poorly aligned. Interestingly,
basal body patch positioning in ependy-
mal cells was more dramatically affected
in mutants lacking primary cilia in radial
glial progenitors. This suggested that ra-
dial glial primary cilia and/or their basal
bodies have a prominent role in organiz-
ing ependymal planar polarity. Consis-
tently, we present the first evidence of planar polarity in radial
glial cells, evident in the position of single basal bodies on the
apical surface of a subpopulation of radial glia. Figure 7 is a sum-
mary illustration of our results.

Motile versus primary cilia in basal body planar polarity
We found that in the absence of motile cilia in hGFAP::Cre;
Kif3afl/fl mutants, the position of the basal body patch on the
apical surface of ependymal cells remained largely oriented. A
more dramatic effect was observed on the rotational orientation
of basal bodies, indicated by the direction of basal feet, which
were poorly aligned in mutants lacking motile cilia. These data
are consistent with recent findings in the multiciliated epithelium
of the Xenopus larval skin, where the basal foot similarly points in
the direction of the ciliary effective stroke and is used as a measure
of anatomical planar polarity (Mitchell et al., 2007). In Xenopus
larval skin, basal feet are initially roughly polarized in the poste-
rior direction based on anterior–posterior tissue patterning. Sub-
sequently, flow generated by ciliary beating refines the polarity of
basal feet rotational orientation. These observations in Xenopus
larvae are consistent with our observations suggesting that motile
cilia are essential to orient the angle of basal feet. In this scenario,
the absence of cilia and active flow in the hGFAP::Cre;Kif3afl/fl

mutant ependymal epithelium precluded the refinement phase
and resulted in a failure to complete the polarization process. In
addition, the absence of motile cilia might contribute to reduced
ependymal planar polarity through other non-cell-autonomous
mechanisms. For example, hGFAP::Cre;Kif3afl/fl mutants had hy-
drocephalus, which may distort the epithelium lining the ventri-
cles and influence the polarity of ependymal cells. In addition, we
cannot exclude the possibility that Kif3a may have functions in
the assembly of basal bodies that are essential for its rotational
orientation. This latter possibility is unlikely, given that in our

own observations and that of others (Matsuura et al., 2002), elimi-
nation of Kif3a function does not affect basal body ultrastructural
organization. Moreover, hGFAP::Cre;Ift88fl/fl mutants showed a re-
markably similar rotational misalignment of basal bodies to that
observed in hGFAP::Cre;Kif3afl/fl mutants, further suggesting that
the observed effects are due to defects in ciliogenesis.

Our analysis showed that radial glia in hGFAP::Cre;Kif3afl/fl

mice retain primary cilia in most of the ventricular epithelium.
To study the role of primary cilia in young progenitors in this
ventricular wall, we analyzed ependymal planar polarity in
Nestin::Cre;Kif3afl/fl mutants, which lack primary cilia in radial
glial cells in addition to motile cilia in ependymal cells. Interest-
ingly, basal body patch positioning was dramatically affected in
these mutants, significantly more than in those lacking only mo-
tile cilia. In addition to greater variability in the orientation of
basal body patches, ependymal cells in these mutants had signif-
icantly more centrally positioned basal body patches. This sug-
gests that primary cilia have a role in the positioning of basal
bodies on one side of the apical surface of ependymal cells. These
data are intriguing in light of recent evidence that primary cilia
and their associated basal bodies regulate planar polarity in other
tissues. In both the mammalian cochlea and early neural tube,
ciliary/basal body proteins regulate planar polarity (Ross et al.,
2005). Disrupting Bardet-Biedl syndrome ciliary proteins results
in misoriented stereociliary bundles on cochlear hair cells and
defects in neural tube closure due to failed convergent extension.
In addition, these proteins genetically interact with Vangl2, a
component of the conserved planar cell polarity (PCP) pathway,
which regulates planar polarity in tissues from flies to mammals
(Zallen, 2007). Interestingly, in Xenopus, components of the PCP
pathway appear to regulate ciliogenesis (Park et al., 2006). In the
multiciliated epithelium of Xenopus larval skin, PCP components
Disheveled (Park et al., 2008) and Vangl2 and Frizzled (Mitchell

Figure 7. Summary illustration of the roles of primary and motile cilia in ependymal planar polarity. Normal development of
ependymal planar polarity is shown in the left column. Loss of motile cilia from ependymal cells (middle column) does not
dramatically alter translational polarity of basal body patches but it disrupts their rotational polarity, while loss of both primary cilia
from radial glial progenitors and motile cilia from ependymal cells (right column) dramatically disrupts translational polarity.

2608 • J. Neurosci., February 17, 2010 • 30(7):2600 –2610 Mirzadeh et al. • Cilia Organize Ependymal Planar Polarity



et al., 2009) control rotational polarity of basal bodies. A recent
study in the mammalian cochlea directly addressed the role of
primary cilia in planar polarity. Conditional mutants unable to
extend a primary cilium from the apical surface of cochlear hair
cells fail to correctly orient the actin cytoskeleton or to extend
planar polarized stereocilia (Jones et al., 2008). However, cilia-
deficient cells do exhibit planar polarized membrane distribution
of PCP pathway molecules, indicating that the primary cilium
relays PCP signals from the cell membrane to the cytoskeleton.
Interestingly, another recent study showed that Ift88 mutant ze-
brafish embryos that lack all cilia have no apparent defects in PCP
signaling (Huang and Schier, 2009), suggesting that the basal
body, not the ciliary axoneme, might be the key mediator of PCP
signals. Our results are consistent with the conclusion that the
primary cilium and its associated basal body in radial glia play an
important role in the planar organization of the cytoskeleton
before ependymal differentiation.

Radial glial planar polarity
We provide the first evidence of planar polarity in radial glia,
indicated by the position of single basal bodies at the apical sur-
face of these cells. Radial glia with both small and large apical
surfaces, as well as cells in various stages of differentiation into
ependymal cells, displayed this polarity, which was predictive of
the polarity in their ependymal progeny. Polarized positioning of
the basal body represents a powerful mechanism to organize cy-
toskeletal architecture. We propose two possible models describ-
ing how radial glia may acquire planar polarity: (1) genetically;
planar polarity information present in the early neural plate may
be transmitted through successive generations of cells within the
neuroepithelium to radial glia; (2) environmentally; radial glia,
possibly through the primary cilium, may sense mechanical or
chemical signals in the ventricle. At the earliest stages of neural
development, neuroepithelial cells display a planar polarized be-
havior called convergent extension, which is essential for neural
tube formation (Copp et al., 2003). It has been previously hy-
pothesized that radial glia lining the embryonic brain ventricles
contain positional information that is projected onto the devel-
oping cortex as a spatial code through the radial fiber (Rakic,
1988). The planar polarity of ependymal cells may be read out of
this spatial code; a translation of the ependymal cell’s (or its radial
glial progenitor’s) position in the epithelial plane into a polarized
orientation. Indeed, radial glial planar polarity may be indicative
of more widespread, genetically determined planar polarity
throughout the developing and mature brain. Alternatively, ra-
dial glia may acquire planar polarity information independently
through signals detected by the primary cilium. Primary cilia are
well known as mechanosensory transducers (Hildebrandt et al.,
2009) and may be performing this function in radial glia. Late in
embryonic development, before ependymal cell differentiation
and cilia-driven CSF flow develop, radial glial primary cilia may
function as detectors of the passive bulk flow generated by the
production of CSF from the choroid plexus and its exit through
the foramen of Monro. In this scenario, radial glia may interpret
passive flow to orient in the plane of the epithelium, such that
ependymal planar polarity develops through a positive feedback
loop where flow begets flow.

Our study provides the first insight into organization of
ependymal planar polarity, and more generally, has implications
for developmental organization of the neuroepithelium. This
work has clinical significance for human patients with hydro-
cephalus, one of the most common anomalies of the CNS, and for
mechanisms guiding neuronal migration in the adult brain,

which has recently been shown in the SVZ to depend on gradients
of chemorepellents established by ependymal flow (Sawamoto et
al., 2006). Altogether, our data show that ependymal planar po-
larity is described by two parameters of the basal body that are
dependent on primary and motile cilia in a multistep process.
Planar polarity of basal body translational position is present in
radial glial progenitors and depends on the primary cilium,
whereas planar polarity of basal body rotational orientation is
dependent on motile cilia.
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