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Although human congenital cerebellar malformations are common, their molecular and developmental basis is still poorly understood.
Recently, cilia-related gene deficiencies have been implicated in several congenital disorders that exhibit cerebellar abnormalities such as
Joubert syndrome, Meckel-Gruber syndrome, Bardet-Biedl syndrome, and Orofaciodigital syndrome. The association of cilia gene mu-
tations with these syndromes suggests that cilia may be important for cerebellar development, but the nature of cilia involvement has not
been elucidated. To assess the importance of cilia-related proteins during cerebellar development, we studied the effects of CNS-specific
inactivation of two mouse genes whose protein products are critical for cilia formation and maintenance, IFT88, (also known as polaris or
Tg737), which encodes intraflagellar transport 88 homolog, and Kif3a, which encodes kinesin family member 3a. We showed that loss of
either of these genes caused severe cerebellar hypoplasia and foliation abnormalities, primarily attributable to a failure of expansion of
the neonatal granule cell progenitor population. In addition, granule cell progenitor proliferation was sensitive to partial loss of IFT
function in a hypomorphic mutant of IFT88 (IFT88orpk), an effect that was modified by genetic background. IFT88 and Kif3a were not
required for the specification and differentiation of most other cerebellar cell types, including Purkinje cells. Together, our observations
constitute the first demonstration that cilia proteins are essential for normal cerebellar development and suggest that granule cell
proliferation defects may be central to the cerebellar pathology in human cilia-related disorders.
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Introduction
Human congenital cerebellar malformations are common yet
poorly understood developmental disorders. Several of these dis-
orders have been recently associated with deficiencies in genes
required for cilia genesis or function. In particular, mutations in
known cilia genes NPHP1 (nephronophthisis 1) and CEP290
(centrosomal protein 290 kDa) (NPHP6) underlie some forms of
Joubert syndrome (Parisi et al., 2004; Castori et al., 2005; Sayer et
al., 2006; Valente et al., 2006), which is characterized by cerebellar
hypoplasia and a complex midbrain structural defect. In addi-
tion, cerebellar hypoplasia has been described in several other
cilia-related disorders, including Meckel-Gruber syndrome
(MKS1 and MKS3) (Cincinnati et al., 2000; Kyttala et al., 2006;
Smith et al., 2006; Baala et al., 2007), Bardet-Biedl syndrome

(BBS1) (Baskin et al., 2002), and Orofaciodigital syndrome 1
(OFD1) (Ferrante et al., 2001; Thauvin-Robinet et al., 2006). The
presence of cerebellar abnormalities in a broad range of distinct
and highly pleiotropic cilia-related disorders suggests that cilia
have critical functions during cerebellar development.

Although cilia have been documented in neurons throughout
the developing and mature CNS, their roles are essentially un-
known (Fuchs and Schwark, 2004). In the cerebellum, primary
cilia have been identified ultrastructurally in both Purkinje cells
(Del Cerro and Snider, 1969) and granule cell progenitors in the
external granule cell layer (EGL) (Del Cerro and Snider, 1972).

Cerebellar development is a complex process requiring coor-
dinated regulation of progenitor proliferation, neuronal differ-
entiation, and migration (Goldowitz and Hamre 1998; Chizhikov
and Millen, 2003). Granule cell progenitors originate in the
rhombic lip and migrate over the surface of the developing cere-
bellar anlage to form the EGL. Within the EGL, they undergo
significant proliferation that is promoted by Shh (sonic hedge-
hog) secreted from the underlying Purkinje cells (Dahmane and
Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott,
1999; Lewis et al., 2004). During differentiation, granule neurons
migrate into the cortex of the cerebellum along the Bergmann glia
to establish the internal granule layer (IGL) under the Purkinje
cell monolayer. Foliation of the cerebellum is closely associated
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with both granule cell proliferation and the ingrowth of cerebel-
lar afferents, which primarily occur during postnatal develop-
ment (Altman and Bayer, 1997). Defects in any of these multiple
stages of cerebellar development have been shown to result in
cerebellar hypoplasia in mouse models (Chizhikov and Millen,
2003).

To investigate the role of cilia-related proteins during cerebel-
lar development, we analyzed the effect of CNS-specific inactiva-
tion of IFT88, (also known as polaris or Tg737), which encodes
intraflagellar transport 88 homolog, and Kif3a, which encodes
kinesin family member 3a. Both of these genes are required for
cilia formation and maintenance in all vertebrate tissues investi-
gated as well as in a wide range of other organisms (Scholey, 2003)
and are critical for Shh signaling (Huangfu et al., 2003; Huangfu
and Anderson, 2005). Here, we show that disruption of either
gene results in severe cerebellar hypoplasia associated with failure
of granule progenitor proliferation in the EGL. Our work pro-
vides the first experimental evidence that cilia proteins are essen-
tial for normal cerebellar development and suggests that granule
cell proliferation defects are central to the cerebellar pathology
observed in human cilia-related disorders.

Materials and Methods
Mice. The following mouse lines were used: conditional allele of IFT88
(Haycraft et al., 2007), conditional allele of Kif3a (Marszalek et al., 1999;
Lin et al., 2003); IFT88�2–3�gal (Murcia et al., 2000), IFT88orpk (Tg737orpk)
(Moyer et al., 1994), transgenic hGFAP-Cre, which expresses Cre under
the control of the human GFAP promoter (Zhuo et al., 2001), and nestin–
Cre (Betz et al., 1996). All lines were maintained on a mixed genetic
backgrounds, except IFT88orpk, which was maintained on an FVB/N
background and outcrossed to outbred Swiss Webster mice. Kif3a,
IFT88�2–3�gal, and IFT88orpk mice were genotyped as described previ-
ously (Yoder et al., 1997; Murcia et al., 2000; Lin et al., 2003). hGFAP–Cre
and nestin–Cre mice were genotyped by PCR using primers for the Cre
coding region. IFT88 conditional mice were genotyped by PCR using
primers designed to amplify a region of genomic DNA flanking one of the
loxP sites (wild-type and floxed alleles) or spanning the region deleted on
Cre-mediated recombination (null allele). Primer sequences are avail-
able on request. Noon of the day of the vaginal plug was designated as
embryonic day 0.5 (E0.5). The day of birth was designated as postnatal
day 1 (P1).

Tissue analysis. For histological analysis, cerebella were fixed in 4%
paraformaldehyde in PBS for 12–24 h, 10% Formalin for 12 h, sunk in
30% sucrose in PBS, and embedded in gelatin (10% gelatin, 30% sucrose
in PBS). The gelatin blocks were fixed in a sucrose–Formalin solution
(30% sucrose, 10% Formalin in PBS). Brains were serially sectioned at 20
�m and stained with cresyl violet. Immunohistochemistry was per-
formed as described previously (Chizhikov et al., 2006), using the follow-
ing primary antibodies: rabbit anti-calbindin (Swant, Bellizona, Switzer-
land), anti-brain lipid binding protein (BLBP) (Chemicon, Temecula,
CA), anti-GFAP (Dako, Carpinteria, CA), anti-Zic1 (Rockland Immu-
nochemicals, Gilbertsville, PA), anti-GABAA receptor �6 (Chemicon)
and anti-Math1 (mouse atonal homolog 1) (Su et al., 2006), rat anti-lacZ
(T. Glaser, unpublished observations), mouse anti-bromodeoxyuridine
(BrdU), anti-Tag1 (transient axonal glycoprotein-1) (both from Devel-
opmental Studies Hybridoma Bank, The University of Iowa, Iowa City,
IA), and anti-�-tubulin class III (Promega, Madison, WI) and species
appropriate secondary antibodies (Jackson ImmunoResearch, West
Grove, PA). Cilia were detected by confocal microscopy using midsagit-
tal sections of cerebellar vermis immunostained with rabbit anti-
adenylate cyclase type 3 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA). Optical sections were taken every 0.5 �m, and 18 adjacent
slices were used to generate each stacked image. In situ hybridization,
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside staining, and BrdU
labeling were performed as described previously (Chizhikov et al., 2006).

Measurements and statistic analysis. All measurements were performed
using cresyl violet-stained midline sagittal sections. Cerebellar vermis

area was measured as described previously (Pogoriler et al., 2006). Thick-
ness of IGL and molecular layer in wild-type and IFT88orpk/orpk mice was
measured in identical positions at the dorsal surface of lobe 5 (see Fig.
8C,D, pink bars). Both cerebellar vermis area and thickness of the cere-
bellar layers were determined using NIH ImageJ software. Three to five
cerebella of hGFAP–Cre�;IFT88floxed/null mutants and 10 cerebella of
IFT88orpk/orpk mutants were analyzed at each developmental stage. In
every case, three to five normal littermates were used as a control. All
quantitative data are expressed as the mean � SD. Statistical analysis was
performed using two-tailed t test.

Results
IFT88 is broadly expressed in the mature and developing
mouse cerebellum
Limited analysis of IFT88 expression in the adult cerebellum has
previously revealed expression of this gene in Purkinje cells and
IGL (Taulman et al., 2001). To expand on these studies, we per-
formed a detailed analysis of IFT88 expression using the IFT88�2–

3�gal mouse line, which expresses the lacZ reporter under the
control of the endogenous IFT88 promoter (Murcia et al., 2000).
lacZ expression in this line recapitulates IFT88 expression in mul-
tiple tissues (Murcia et al., 2000; Taulman et al., 2001). In P21
cerebellum, we confirmed IFT88 expression in Purkinje cells and
IGL cells (Fig. 1A,a�). Expression was also evident in a subset of
deep cerebellar nuclei cells and in at least some cells within the
molecular layer (Fig. 1A,a�). In the neonatal cerebellum, IFT88
lacZ staining was detected in the EGL and just beneath the EGL,
in the vicinity of Purkinje cells and Bergmann glia (Fig. 1B,b�).
The intensity of lacZ staining varied slightly both within and
between different lobes, although in line with previous IFT88 in
situ studies (Allen Brain Atlas; Lein et al., 2007), no obvious con-
sistent pattern emerged at any developmental stage investigated
(Fig. 1A,B). All folia were lacZ-positive (lacZ�) in both neonatal
and adult cerebellum (Fig. 1A,B).

To precisely identify IFT88-expressing cerebellar cell types,
we performed immunohistochemistry with lacZ antibodies in
combination with cerebellar cell-type-specific markers in
IFT88�2–3�gal/� cerebella. This analysis revealed that granule cell
progenitors (Math1�), Purkinje cells (calbindin�), and Berg-
mann glia (BLBP�) were all lacZ positive in IFT88�2–3�gal/� cer-
ebella (Fig. 1C–E). Together, our data argue that IFT88 is broadly
expressed in the mature and developing cerebellum and are con-
sistent with previous studies detecting cilia on both Purkinje cells
(Del Cerro and Snider, 1969) and developing granule cells (Del
Cerro and Snider, 1972).

Loss of IFT88 results in cerebellar hypoplasia and foliation
abnormalities associated with loss of granule progenitor
proliferation
IFT88 is absolutely required for cilia formation and maintenance
in all vertebrate tissues investigated, as well as in a wide range of
other organisms (Scholey, 2003). To assess the role of cilia during
cerebellar development, we conditionally inactivated the IFT88
gene in the CNS by crossing mice with a conditional allele of
IFT88 (IFT88-floxed) with Cre-expressing mouse lines. The
IFT88-floxed allele contains loxP sites flanking exons 4 – 6, re-
moval of which results in a translational frame shift and a com-
plete loss of IFT88 function (Haycraft et al., 2007).

We first targeted IFT88 using the hGFAP–Cre transgenic line
(Zhuo et al., 2001). In the developing cerebellum, this transgenic
line has been shown to initiate Cre expression at E13 and achieves
effective deletion of a conditional allele in early neonatal granule
cells and Bergmann glia but not in Purkinje cells (Zhuo et al.,
2001; Yue et al., 2005). Our analysis of hGFAP–Cre�;IFT88floxed/null
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mice at P4 revealed virtually complete loss of cilia in the EGL, as
detected by adenylate cyclase type 3 immunostaining (Fig. 2),
which identifies primary cilia in some neurons (Berbari et al.,
2007). This suggests that IFT88 was efficiently inactivated in

granule cell progenitors of these mice and indicates that, similar
to many other tissues, IFT88 is also required for ciliogenesis in the
granule cell lineage.

Postnatal hGFAP–Cre�;IFT88floxed/null mice were viable but
ataxic. Analysis of whole-mount cerebellar morphology and mid-
line sagittal sections in these mice demonstrated an extreme de-
crease in the size of the cerebellum compared with wild-type
littermates (Fig. 3). The size difference was minimal and not sig-
nificant at P1 (Fig. 3A,B,G,H,M). However, by P4, the mutant
cerebella were considerably smaller, especially along the antero-
posterior axis, and, by P21, the difference in size was striking (Fig.
3C–F). Analysis of midsagittal sections of the vermis revealed
that, by P4, the mutant vermis area was 50% of that measured in
wild-type littermates, and, by P21, the area was only 25% of that
in wild-type littermates (Fig. 3I–L,N,O). Analysis of sagittal sec-
tions of vermis also revealed that, although foliation was initiated
normally in hGFAP–Cre�;IFT88floxed/null cerebella, it was delayed
and did not progress to completion (Fig. 3G–L).

Despite the size and foliation abnormalities, cerebellar lami-
nas were still present in P21 hGFAP–Cre�;IFT88floxed/null animals
(Fig. 4E,F). However, the number of granule cells in the IGL was
severely reduced, as revealed by cresyl violet staining (Fig. 4E,F).
This defect was traced to abnormalities in the EGL in early post-
natal cerebella. Normally, the EGL thickens during early postna-
tal stages as demonstrated in wild-type sections presented in Fig-
ure 4, A and C. In contrast, hGFAP–Cre�;IFT88floxed/null animals
had a thin EGL at P1, which almost disappeared by P4 (Fig.
4B,D). Similar to wild-type mice on P1, the EGL of hGFAP–
Cre�;IFT88floxed/null animals strongly expressed Math1 at this
age, indicating that granule cell progenitors were normally spec-
ified in these mice (Fig. 5A,B). In contrast to wild-type mice,
however, there was no proliferation in the mutant EGL, as re-
vealed by a lack of BrdU incorporation (Fig. 5C,D, I,J). Interest-
ingly, Tag1 and class III �-tubulin immunofluorescence (Okano-
Uchida et al., 2004) revealed that granule cell differentiation was
not evidently affected in mutant cerebella (Fig. 5E–H). Further-
more, although obviously reduced in numbers, mature granule

Figure 1. IFT88 expression in the adult and developing mouse cerebellum. Direct lacZ (A, B) and antibody staining (C–E) of sagittal cerebellar sections of IFT88�2–3�gal/� mice at the indicated
stages. Insets (a�, b�) show higher magnification of boxed regions. Deep cerebellar nuclei (DCN), Purkinje cells (PC), molecular layer (ML), internal granule cell layer (IGL), external granule cell layer
(EGL), and Bergmann glia (BG) are indicated. b�, Black arrowhead points to the location of Purkinje cells and Bergmann glia. C–E, White arrowheads point to LacZ � dots in Math1 � granule cells
(C), calbindin � Purkinje cells (D), and BLBP � Bergmann glia (E).

Figure 2. Depletion of cilia in the EGL of hGFAP–Cre�;IFT88floxed/null mutant mice. Adenyl-
ate cyclase type 3 antibody staining (red) identifies some primary cilia (seen as condensed red
dots and short lines, labeled by arrowheads) in the P4 wild-type (A; wt) but not hGFAP–Cre�;
IFT88floxed/null mutant (B) EGL. Sections were counterstained with 4�,6�-diamidino-2-
phenylindole (blue) to visualize nuclei.
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neurons were still present in the IGL of adult hGFAP–Cre�;
IFT88floxed/null cerebella (Fig. 5K–N), as revealed by immuno-
staining with Zic1 (Dahmane and Ruiz i Altaba, 1999) and
GABAA �6 (Yue et al., 2005). Together, these data suggest that
loss of IFT88 specifically blocks proliferation of granule progen-
itors in the EGL but does not prevent their differentiation.

The cerebellar foliation and granule cell proliferation defects
observed in IFT88 conditional mutants are similar to the cerebel-
lar phenotypes reported in mice with conditional mutations in-

terrupting the Shh pathway (Corrales et
al., 2006). Because IFT88 is required for
Shh signal transduction (Huangfu et al.,
2003; Huangfu and Anderson, 2005), we
assessed the effect of the hGFAP–Cre�;
IFT88floxed/null mutation on the expression
of Gli1 (glioma-associated oncogene ho-
molog 1), a downstream transcriptional
target of Shh signaling. As early as E18.5,
Gli1 expression was substantially reduced
throughout the EGL in mutants compared
with wild-type littermates (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material), supporting the
conclusion that loss of Shh signaling likely
mediates granule cell abnormalities in cilia
mutants.

We also observed defects in Bergmann
glia in hGFAP–Cre�;IFT88floxed/null ani-
mals. By P4, the cell bodies of wild-type
Bergmann glia were aligned with Purkinje
cells and extended long radial fibers to the
surface (Fig. 6A). In P4 hGFAP–Cre�;
IFT88floxed/null cerebella, the Bergmann glia
were abnormally distributed in the cere-
bellar cortex, although many nevertheless
still extended radial fibers to the pial sur-
face (Fig. 6B). In P21 mutant mice, many
Bergmann glia had withdrawn their fibers
from the pial surface and acquired an
astrocyte-like morphology (Fig. 6C,D).
Bergmann glia also receive Shh signals
(Corrales et al., 2004, 2006). Interestingly,
Gli1 expression was also severely reduced
in these cells (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental
material) in hGFAP–Cre�;IFT88floxed/null

animals. This phenotype could reflect a di-
rect role for IFT88 in Bergmann glia devel-
opment or a secondary defect originating
from the reduction of granule cells.

Purkinje cells were abnormal in hG-
FAP–Cre�;IFT88floxed/null mice. On P21,
mutant Purkinje cells remained multilay-
ered instead of forming a monolayer as in
wild-type animals (Fig. 6E,F). In addition,
their dendrites were unrecognizable based
on calbindin staining (Fig. 6E,F). Because
the hGFAP–Cre mouse line expresses Cre
in granule cells and Bergmann glia but not
in Purkinje cells (Zhuo et al., 2001), the
Purkinje cell defects observed in hGFAP–
Cre�;IFT88floxed/null animals are likely sec-
ondary to granule cell defects, because

contact with granule cells is necessary for normal development of
Purkinje cells (Baptista et al., 1994). To assess whether disruption
of IFT88 directly in Purkinje cells has additional effects on devel-
opment of this cell population, we crossed IFT88floxed/null mice
with nestin–Cre mice, which initiate Cre expression from E10.5
and broadly express Cre in most cerebellar progenitors, including
Purkinje and granule cell progenitors (Blaess et al., 2006). nestin–
Cre�;IFT88floxed/null mice were viable and ataxic. Similar to hG-
FAP–Cre�;IFT88floxed/null cerebella, Purkinje cells remained mul-

Figure 4. EGL is prematurely depleted in hGFAP–Cre�;IFT88floxed/null mutant mice. Sagittal sections of cerebellar vermis of
wild-type (A, C, E) and hGFAP–Cre�;IFT88floxed/null mutant (B, D, F ) mice at the indicated stages. Sections were stained with
cresyl violet. Arrowheads point to EGL (A–D). In hGFAP–Cre�;IFT88floxed/null cerebellum, EGL is thin at P1 and is virtually absent at P4.

Figure 3. Size reduction and foliation abnormalities in hGFAP–Cre�;IFT88floxed/null mutant mice. Dorsal whole-mount views (A–F )
and sagittal sections of the cerebellar vermis (G–L) of wild-type (wt) (A, C, E, G, I, K ) and hGFAP–Cre�;IFT88floxed/null mutant (B, D, F, H,
J, L)cerebellaattheindicatedstages. G, H,Anterobasal (ABL),anterodorsal (ADL),central (CEL),posterior(POL),andinferior(INL) lobesare
indicated. I–L, Lobes are indicated by numbers. Fissures underdeveloped in hGFAP–Cre�;IFT88floxed/null mutants are labeled by arrow-
heads. In normal littermates, the corresponding fissures are indicated by arrows. M–O, Quantification of the cerebellar vermis area (in
arbitrary units) in wild-type and hGFAP–Cre�;IFT88floxed/null mutants at P1 (M ), P4 (N ), and P21 (O). *p � 0.01.
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tilayered but were clearly present in
nestin–Cre�;IFT88floxed/null (supplemental
Fig. 2, available at www.jneurosci.org as
supplemental material), indicating that
IFT88 is not required for the specification,
survival, or initial differentiation of Pur-
kinje cells. We cannot, however, discount
a cell-autonomous role for IFT88 in Pur-
kinje cell migration or dendrite out-
growth, which may be intertwined with
granule cell defects observed in hGFAP–
Cre�;IFT88floxed/null and nestin–Cre�;
IFT88floxed/null mice.

Kif3a and IFT88 have similar roles
during cerebellar development
The above analysis with the IFT88 condi-
tional mutants argues that this gene is crit-
ical for cerebellar development and gran-
ule cell proliferation. These studies,
however, do not discern whether IFT88
acts only as a component of cilia or
whether it has additional functions inde-
pendent of cilia. We therefore condition-
ally inactivated Kif3a, another gene abso-
lutely required for cilia formation and
maintenance but with a different function
in intraflagellar transport from that of
IFT88. The hGFAP–Cre�;Kif3afloxed/null

cerebellar morphology was not evidently
different from that of hGFAP–Cre�;
IFT88floxed/null mice (Fig. 7). Furthermore,
similar to hGFAP–Cre�;IFT88floxed/null cere-
bella, hGFAP–Cre�;Kif3afloxed/null mice
showed reduced proliferation of granule cell
progenitors in the EGL, although they sub-
sequently differentiate, as revealed by
GABAA �6 immunopositivity (supplemen-
tal Fig. 3, available at www.jneurosci.org as
supplemental material). The similarities be-
tween cerebellar phenotypes resulting from
loss of Kif3a or IFT88, therefore, support a
requirement for cilia during cerebellar devel-
opment rather than a cilia-independent
function of IFT88.

Granule progenitor proliferation is
sensitive to partial loss of IFT function
and can be compensated by additional
genetic factors
Mutations that completely abrogate cilia
function, such as null mutations in IFT88
and Kif3a, have not been reported in any
human disorder and are likely to be in-
compatible with human postnatal life,
given the embryonic lethality observed in homozygous null mice
(Marszalek et al., 1999; Murcia et al., 2000). To model partial loss
of cilia function during cerebellar development, we analyzed the
cerebellar phenotype of mice homozygous for a hypomorphic
allele of IFT88, IFT88orpk (Moyer et al., 1994). IFT88orpk/orpk mu-
tant mice on an FVB genetic background frequently die within
the first 2 postnatal weeks as a result of kidney, liver, and pancre-
atic pathologies (Moyer et al., 1994; Richards et al., 1996; Zhang

et al., 2005), but a small number of mutants survive until adult-
hood. Analysis of cerebella of 10 P21 IFT88orpk/orpk mutants on
this genetic background revealed that most (8 of 10) were clearly
abnormal, although the degree of abnormality was variable. Af-
fected cerebella were reduced in size along the anteroposterior
but not the mediolateral axis (Fig. 8A,B). Analysis of midsagittal
sections revealed that, by P21, the vermis area of IFT88orpk/orpk

mutants was �70% of wild-type littermates (Fig. 8C–F). Cere-

Figure 5. Granule progenitor proliferation, but not differentiation, is abnormal in hGFAP–Cre�;IFT88floxed/null mutant mice.
Sagittal sections of cerebellar vermis of wild-type (wt) (A, C, E, G, I, K, M ) and hGFAP–Cre�;IFT88floxed/null mutant (B, D, F, H, J,
L, N ) mice at the indicated stages. Sections were stained with indicated antibodies. Arrowheads point to Math1 � cells (A, B),
BrdU � cells (C, D, I, J ), Tag1 � cells (E, F ), �-tubulin III-positive granule cells migrating from the EGL to IGL (G, H ), and Zic1 � (K,
L) and GABAA �6 � (M, N ) granule cells in the adult IGL. hGFAP–Cre�;IFT88floxed/null EGL is BrdU negative at both P1 and P4.
Granule cells, however, are clearly present, although in reduced numbers, based on expression of multiple markers of granule cell
progenitors and differentiated granule cells.
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bellar foliation was abnormal but much better developed than in
the IFT88 or Kif3a conditional mutants (compare Figs. 8C–E and
7). Particularly affected were lobes 4/5 and 9, which were not
subdivided into sublobules, as observed in wild-type littermates.
There was also pronounced hypoplasia of centrally located pos-
terior lobes, giving a concave appearance of the IFT88orpk/orpk

mutant vermis (Fig. 8D, asterisk). Additionally, we observed a
reduction in the thickness of both the IGL (�25% reduction) and
molecular layer (�50% reduction) in 8 of 10 IFT88orpk/orpk mu-
tants compared with wild-type littermates (Fig. 8 I–K). Finally, 3
of 10 animals had extensive ectopic granule cells (Fig. 8E). Berg-
mann glia and Purkinje cells were not evidently affected (data not
shown). Similar to hGFAP–Cre�;IFT88floxed/null

and hGFAP–Cre�;Kif3afloxed/null animals, granule cell prolifera-
tion was reduced in the EGL in IFT88orpk mutants (Fig. 8G,H),
although the degree of reduction was much milder than that
observed in conditional IFT88 and Kif3a null mutant animals.

Strikingly, when IFT88orpk/� animals on an FVB background
were outcrossed to Swiss Webster wild-type animals and result-
ing F1 IFT88orpk/� mice were intercrossed, the homozygous mu-
tant cerebellar phenotype of F2 IFT88orpk/orpk on this mixed ge-
netic background was extremely mild. Many homozygous
mutant cerebella were indistinguishable from wild-type litter-
mate controls (data not shown). Our data therefore indicate that
granule cell progenitor proliferation is sensitive to partial loss of
IFT88 function and can be modified by interacting genetic
factors.

Discussion
The presence of cerebellar abnormalities in a broad range of dis-
tinct and highly pleiotropic cilia-related disorders suggests that
cilia have critical functions in cerebellar development, yet the
nature of ciliary involvement has not been explored. In this pa-
per, we assessed the phenotypes of mice with conditional loss of
function of the IFT88 and Kif3a genes, both of which encode
proteins critical for cilia formation and maintenance in multiple
model systems (Scholey, 2003).

Using the IFT88�2–3�gal LacZ reporter strain (Murcia et al.,
2000), we report that IFT88 is broadly expressed in the develop-
ing cerebellum in most, if not all, cerebellar cells. Although some
cells appear lacZ negative in IFT88�2–3�gal/� cerebella (Fig. 1),
we think that it may reflect an artifact. The lacZ staining in
IFT88�2–3�gal/� cerebella (Fig. 1) [as well as in other tissues (Taul-
man et al., 2001)] was punctate. If the section did not include the
region of the cell containing the punctate staining, the cell would
appear to be negative. Together, our IFT88 expression data are
consistent with previous studies showing the presence of primary
cilia in both Purkinje cells (Del Cerro and Snider, 1969) and
developing granule cell progenitors (Del Cerro and Snider,
1972).

Conditional removal of either IFT88 or Kif3a in the CNS re-
sulted in severe cerebellar hypoplasia and foliation abnormalities.
Although IFT88�/� and Kif3a�/� granule cell progenitors ap-
peared to differentiate normally, their reduced proliferation ca-
pacity was associated with a premature loss of EGL in the mutant
cerebella. Because granule neurons are the predominant cellular
type in the adult cerebellum and normal expansion of the granule
progenitor pool is also required to generate a mature foliation
pattern (Corrales et al., 2004), it is likely that loss of granule
progenitor proliferation in the EGL primarily underlies both the
hypoplasia and foliation abnormalities observed in our IFT88�/�

and Kif3a�/� conditional mutants.
Granule progenitor proliferation in the EGL has been shown

to be dependent on the mitogenic effects of Shh, which is secreted
by the underlying developing Purkinje cells (Dahmane and Ruiz
i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999).
Interestingly, the cerebellar phenotypes of our conditional
hGFAP–Cre�;IFT88floxed/null and hGFAP–Cre�;Kif3afloxed/null

mutants are strikingly similar to that recently reported in condi-
tional cerebellar Shh mutants (Lewis et al., 2004) and in condi-
tional Smo (smoothened homolog) mutants, whose granule cell
progenitors are completely unresponsive to Shh signaling (Cor-
rales et al., 2006). Together with recent data demonstrating that
IFT88 and other IFT cilia proteins have an essential role in Shh
transduction in multiple cell types (Huangfu et al., 2003;
Huangfu and Anderson, 2005; Liu et al., 2005; Haycraft et al.,
2007), our results argue that loss of granule progenitor prolifer-
ation in IFT88 and Kif3a conditional mutants is likely attribut-
able to loss of responsiveness to Shh signaling. Because ciliary
localization of Smo is required for Shh signaling (Corbit et al.,

Figure 6. Bergmann glia and Purkinje cell defects in hGFAP–Cre�;IFT88floxed/null mutant
mice. Immunostained sections of wild-type (wt) (A, C, E) and hGFAP–Cre�;IFT88floxed/null mu-
tant (B, D, F ) cerebella at the indicated stages. A–D, Arrow points to Bergmann glia aligned
along Purkinje cells in the wild-type but not in the hGFAP–Cre�;IFT88floxed/null cerebellum.
White arrowheads point to radial glia fibers extending to the cerebellar pial surface (asterisk).
Black arrowheads point to mutant Bergmann glia with astrocyte-like morphology. E, F, Arrow-
heads point to wild-type Purkinje cell (PC) dendrites, which are not recognizable in hGFAP–
Cre�;IFT88floxed/null cerebellum. calb, Calbindin.
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2005), the phenotypic similarities of cere-
bella in IFT88 and Kif3a mutants further
argue that IFT88 and Kif3a are required as
ciliary components rather than have cilia-
independent roles. Our data, therefore,
suggest that cilia have a major role in cer-
ebellar development by mediating Shh-
dependent granule cell progenitor prolif-
eration within the EGL.

Our observations do not preclude the
possibility that signaling pathways in addi-
tion to Shh may be affected when ciliary
function is disrupted. In IFT88orpk/orpk hy-
pomorphic mutants, we observed exten-
sive granule cell heterotopia, a phenotype
that has not been reported in Smo, Gli, or
other Shh pathway mutants and may re-
flect additional disruptions.

Although IFT88�/� granule cell pro-
genitors lacked cilia, it is possible that the
cerebellar abnormalities in hGFAP–Cre�;
IFT88floxed/null and hGFAP–Cre�;
Kif3afloxed/null mutants are not exclusively
caused by the loss of cilia. For example,
IFT88 is known to localize to the centro-
some in both ciliated and non-ciliated cells
(Robert et al., 2007). Other cilia-related
proteins associated with human cerebellar
abnormalities, such as NPHP6 (Valente et
al., 2006), BBS1–BBS9 (Ansley et al., 2003;
Kim et al., 2004), and OFD1 (Romio et al.,
2004), are also are known to localize to
centrosomes, which serve as the basal bod-
ies that give rise to cilia. Because neuronal
centrosomes are important for cell prolif-
eration, neuronal migration, and polariza-
tion during neuritogenesis (Higgin-
botham and Gleeson, 2007), centrosomal defects may potentially
contribute to primary granule cell abnormalities observed in our
IFT88 and Kif3a mutants. In neurons, Kif3a has also been ob-
served to localize to axons (Kondo et al., 1994) and synapses
(Muresan et al., 1999) in which it is thought to play a role in the
transport of vesicular cargo. This suggests that axonal and syn-
apse abnormalities may also contribute to the eventual cerebellar
phenotype in our mutants.

In addition to defects in granule cells, Purkinje cells were ab-
normal in hGFAP–Cre�;IFT88floxed/null cerebella. Because
hGFAP-Cre allele does not express Cre in Purkinje cells or their
precursors, the failure of mutant Purkinje cells to form a normal
Purkinje cell monolayer in hGFAP–Cre�;IFT88floxed/null mice is
probably secondary to the depletion of granule cells. Further-
more, decreased numbers of mature granule cells in hGFAP–
Cre�;IFT88floxed/null cerebella likely also explains the abnormal
Purkinje cell dendrites observed in these mutants. Importantly,
Purkinje cells were still present in nestin–Cre�;IFT88floxed/null

mice, which ubiquitously express Cre in the developing and adult
cerebellum, including Purkinje cells, and the number of these
cells was not evidently different from that of hGFAP–Cre�;
IFT88floxed/null animals. This argues that IFT88 is not required in
Purkinje cells for their differentiation or survival. However, we
cannot completely discount a late role for IFT88 in Purkinje cell
phenotype because a direct role of IFT88 in this lineage may be
masked by granule cell defects.

Bergmann glia defects were also observed in hGFAP–Cre�;
IFT88floxed/null cerebella. They might result directly from IFT88
defects in this cell type or might be secondary to the granule cell
abnormalities in hGFAP–Cre�;IFT88floxed/null mice. Because
Bergmann glia defects were first observed at approximately P4,
when the EGL had already become obviously abnormal, Berg-
mann glia defects may be secondary to granule cell loss. IFT88
deletion restricted to Bergmann glia would be required to resolve
the issue of whether loss of IFT88 in these cells affects Bergmann
glia differentiation and maintenance.

In a previous report, neuronal migration in the IFT88orpk/orpk

forebrain was found to be aberrant as a result of a disruption of
the ependymal cilia in the lateral ventricles rather than an intrin-
sic defect on the neuroblasts themselves (Sawamoto et al., 2006).
Because our nestin–Cre and hGFAP–Cre lines may have altered
ciliary gene expression in ependymal cells, it should be consid-
ered whether cerebellar abnormalities observed in our IFT88 and
Kif3a mutant mice are caused by defects in the ependyma of the
fourth ventricle. This seems unlikely in view of the observation
that disruption of the ependymal cilia in Mdnah5 (mouse axon-
emal dynein heavy chain gene) mutants causes hydrocephalus,
whereas the cerebellum is spared from abnormalities like those in
our IFT88 and Kif3a mutants (Ibanez-Tallon et al., 2004).

IFT88orpk/orpk hypomorphic mutants are more likely to model
malformations in human cerebellum than are mutants with com-
plete loss of cilia, because null alleles of IFT genes are embryonic

Figure 7. hGFAP–Cre�;IFT88floxed/null and hGFAP–Cre�;Kif3afloxed/null mice display similar cerebellar phenotypes. Sagittal
sections of the cerebellar vermis of P21 wild-type (A; wt), hGFAP–Cre�;IFT88floxed/null mutant (B), and hGFAP–Cre�;
Kif3afloxed/null mutant (C) mice. Insets (a�, b�, c�) show higher magnification of boxed regions.
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lethal in mice and are likely to be incompatible with postnatal life
in humans. Interestingly, IFT88orpk/orpk hypomorphic mutant
mice had clear cerebellar hypoplasia at P21 (as revealed by reduc-
tion of the midline sagittal vermis area to 70% of that in wild-type
littermates), although it was not so severe as in P21 hGFAP–
Cre�;IFT88floxed/null mutant mice, in which vermis area was re-
duced to 25% of wild-type littermates. Our observation that the
IFT88orpk hypomorphic mutant shows cerebellar hypoplasia sug-
gests that hypomorphic alleles of genes critical for cilia formation
and maintenance (such as IFT88, Kif3a, and genes encoding
other IFTs) are candidates for human cerebellar disorders. The
IFT88orpk/orpk cerebellar phenotype varies with genetic back-
ground, as is reported for several other phenotypic characteristics
in this mutant strain. The variability of the mouse phenotype
correlates well with that of clinical symptoms of Joubert syn-
drome in humans, in which there is striking variability of the
cerebellar malformation in affected individuals between families
and even within families. The original family reported in 1969
had four affected siblings. Two children exhibited hypoplasia
only of the posterior vermis, whereas the other two children had
complete agenesis of the entire cerebellar vermis (Joubert et al.,
1969). Discordant cerebellar phenotypes have also been reported
in a set of monozygotic twins (Raynes et al., 1999). The depen-
dence of phenotypic disruption on genetic background in both

humans and IFT88orpk/orpk mice suggests that the study of these
mice may lead to the identification of genetic modifiers of cilia-
mediated signaling pathways. These modifiers in turn should
provide new insights for the understanding of cerebellar disor-
ders in humans.

Note added in proof. As this paper was in press, mutations in
another cilia-related gene, RPGRIP1L, were also shown to cause
Joubert Syndrome (Arts et al., 2007; Delous et al., 2007).
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