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The cerebellum consists of an intricate array of lobules that arises during the process of foliation. Foliation not only increases surface area,
but may also facilitate organization of cerebellar neural circuitry. Defects in cerebellar foliation are associated with a number of diseases.
Yet, little is known about how foliation, a process involving large-scale and simultaneous movement of several different cell types, is
coordinated by cell– cell signaling at the molecular level. Here we show that Ric-8a, a guanine nucleotide exchange factor in the G-protein-
coupled receptor pathway, is specifically required in Bergmann glia during cerebellar foliation. We find that ric-8a mutation in mice
results in disorganized Bergmann glial scaffolding, defective granule cell migration, and disrupted Purkinje cell positioning. These
abnormalities result from primary defects in Bergmann glia since mutations in granule cells do not show similar effects. They first arise
during late embryogenesis, at the onset of foliation, when ric-8a mutant Bergmann glia fail to maintain adhesion to the basement
membrane specifically at emerging fissures. This suggests that Ric-8a is essential for the enhanced Bergmann glia-basement membrane
adhesion required for fissure formation. Indeed, we find that ric-8a-deficient cerebellar glia show decreased affinity for basement
membrane components. We also find that weakening Bergmann glia-basement membrane interaction by �1 integrin deletion results in
a similar phenotype. These results thus reveal a novel role of Ric-8a in modulating Bergmann glia-basement membrane adhesion during
foliation, and provide new insights into the signaling pathways that coordinate cellular movement during cerebellar morphogenesis.

Introduction
The cerebellum is composed of distinct layers including the mo-
lecular, the Purkinje, and Bergmann glial cell body, as well as the
granule cell layers. This laminar organization arises during devel-
opment in a complex morphogenetic process, where granule cell
precursors migrate from the external to the internal layer, while
at the same time driving the formation of cerebellar folia (Sillitoe
and Joyner, 2007). Studies have shown that granule cell precursor
proliferation, induced by Purkinje cell-secreted Sonic hedgehog
(Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-
Reya and Scott, 1999; Corrales et al., 2004; Lewis et al., 2004), is
the main driving force behind cerebellar foliation. Increased
Sonic hedgehog signaling leads to a more complex foliation pat-
tern, while decreased signaling results in a simplified pattern

(Corrales et al., 2006). On the other hand, Bergmann glia appear
to play a more direct role in the physical reorganization of cere-
bellar cell types (Sudarov and Joyner, 2007). When Bergmann
glia are absent, fissures fail to form (Hoser et al., 2007). When the
glial scaffold is disrupted, lobules are frequently fused and gran-
ule cell migration is compromised (Delaney et al., 1996; Graus-
Porta et al., 2001; Qu and Smith, 2005; Yue et al., 2005;
Belvindrah et al., 2006; Mills et al., 2006; Qiu et al., 2010). These
defects are frequently associated with deficiencies in a key func-
tion provided by Bergmann glia, i.e., the retention, assembly,
and/or maintenance of basement membrane along the length of
invaginating fissures as well as on the external surface. Thus,
Bergmann glia-basement membrane interaction is critical for
many aspects of cerebellar development. Yet, little is known
about how this interaction is modulated and coordinated with
other cellular events.

The G-protein-coupled receptor (GPCR) pathway is a key
signaling pathway regulating many developmental and physio-
logical processes (Marinissen and Gutkind, 2001; Malbon, 2005).
In the immune system, chemokine-GPCR signaling is known to
regulate substrate interaction by several cell types (Kinashi,
2005), including sustained adhesion by progenitor B cells to the
bone marrow microenvironment (Le et al., 2007), as well as at-
tachment of leukocytes to the endothelium during their migra-
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tion into tissues (Shamri et al., 2005). These similarities raise the
possibility that GPCR signaling may play a role in modulating
Bergmann glia-basement membrane interaction. In the nervous
system, although not yet directly implicated in cell-substrate in-
teraction, GPCR signaling regulates the targeting of several mi-
grating neural cell types (Tsai et al., 2002; Borrell and Marin,
2006; Li et al., 2008; López-Bendito et al., 2008). These findings
point to a potential role of GPCR signaling in Bergmann glia-
basement membrane interaction. However, GPCR signaling is
mediated by several classes of heterotrimeric G proteins, includ-
ing 21 G�, 6 G�, and 12 G� subunits in mouse. This poses a
problem of genetic redundancy. To circumvent this, we focus in
this study on Ric-8a, a nonreceptor guanine nucleotide exchange
factor that regulates several G� subunits, including G�i, G�o,
and G�q (Miller et al., 2000; Tall et al., 2003; Tall and Gilman,
2005), and investigate the role of GPCR signaling in cerebellar
development.

Materials and Methods
Mouse breeding and pharmacological treatment. ric-8a conditional allele
was generated by floxing exons 2– 4 (to be published elsewhere). �1
integrin conditional allele was as published (Graus-Porta et al., 2001;
Huang et al., 2006). hGFAP-cre was a kind gift from Dr. Albee Messing
(University of Wisconsin-Madison) (Zhuo et al., 2001). nestin-cre
(Stock# 003771), nestin-creER (Stock# 012906), math1-creERT2 (Stock#
007684), pcp2-cre (Stock# 006207), and mTomato/mEGFP reporter
(Stock# 007576) lines were purchased from The Jackson Laboratory.
hGFAP-cre, nestin-cre, math1-creERT2, or pcp2-cre were introduced into
the ric-8a conditional mutant background for phenotypic analyses and
ric-8a homozygotes without cre as well as heterozygotes with cre were
both analyzed as controls. Similarly, nestin-creER was introduced into the
�1 integrin conditional mutant background for phenotypic analyses. An-
imals analyzed were of either sex and were in the mixed background of
FVB, 129, and C57BL6. However, despite a mixed background, we ob-
served a highly consistent foliation pattern in all control animals. Two
and three milligrams of tamoxifen, respectively, was administered by
intraperitoneal injection at embryonic day 15.5 (E15.5) for ric-8a/math1-
creERT2 crosses, and at E18.0 for �1/nestin-creER crosses. Noon after
vaginal plug is regarded as E0.5, and day of birth as P0. For S-phase
labeling, 5-bomodeoxyuridine (BrdU) was injected at 100 �g/gbw (gram
of body weight) and brains were harvested 4 h later for fixation and
processing. Animal use was in accordance with institutional guidelines.

Immunohistochemistry. The following primary antibodies were used at
respective dilutions: mouse anti-BrdU supernatant (clone G3G4; Devel-
opmental Studies Hybridoma Bank [DSHB]), University of Iowa; 1:40),
mouse anti-Nestin supernatant (1:20; DSHB), mouse anti-Math1 (1: 10;
DSHB), mouse anti-NeuN (clone A60; Millipore, 1:250), mouse anti-
Pax6 supernatant (1:20; DSHB), mouse anti-glial fibrillary acid protein
(GFAP; NeuroMab, 1:400), rat anti-�1 integrin (clone MB1.2, 1: 100),
rabbit anti-phospho Histone H3 (Ser10) (1:400; Millipore), rabbit anti-
Calbindin (1:400; GenScript), rabbit anti-collagen IV (AbD; Serotec,
1:500), rabbit anti-Laminin (1:2000; Sigma), mouse anti-Tubulin �3
(TuJ1) (1:500; Covance), rabbit anti-brain lipid binding protein (BLBP;
1:500; Millipore), and rabbit anti-Ric-8a (1:4000; Novatein). Fluorescein
isothiocyanate- and Cy3-conjugated secondary antibodies were pur-
chased from Jackson ImmunoResearch Laboratories. Peroxidase-
conjugated secondary antibodies were purchased from Santa Cruz
Biotechnology. Staining procedures were performed as described pre-
viously (Huang et al., 2006), except for anti-Ric-8a staining (see be-
low), and sections were mounted with Fluoromount-G medium
(Southern Biotech). Stained sections were analyzed under a Nikon
eclipse Ti microscope at room temperature using the NIS-Elements
BR 3.0 software. The same exposure conditions were used for analyz-
ing controls and mutants. For Ric-8a staining, antibody incubation
and wash were done in solutions containing 0.3% Saponin instead of
0.4% Triton X-100 and followed by the use of a tyramide signal am-
plification Cy3 kit (PerkinElmer).

Western blotting and reverse transcription-PCR. Standard Western blotting
procedures were performed using a Bio-Rad electrophoresis and transfer
apparatus. An anti-�-tubulin monoclonal antibody (E7; DSHB) was used as
control for protein loading. Total RNA was isolated using a Total RNA
Isolation kit from Promega, and cDNA was synthesized using a Vero cDNA
kit (Thermo Scientific). Intron spanning primer pairs were used for PCR.
These are as follows: �-actin (5�tgaaccctaaggccaaccgtg3�, 5�gctcatagctcttctc
caggg3�) and ric-8a (5�gcactgcgtgatggttgaagc3�, 5�gcacattctgtcaacacgttca3�).

Cell adhesion assay. P6 cerebella were dissected in cold 1� Dulbecco’s
PBS (DPBS) (Meditech) and incubated for 5 min at 37°C in 100 �l of
HBSS (Meditech) containing 1 mg/ml DNase, and 0.5% trypsin. Then
800 �l DMEM (Invitrogen) containing 10% fetal bovine serum (FBS)
(Sigma) was added and cells were mechanically dissociated. For acutely
dissociated cell adhesion assay, 50,000 cells per well were incubated in
DMEM � 10% FBS on coverslips precoated with 2 �g/ml laminin or 2
�g/ml poly-D-lysine. For glia-enriched adhesion assay, 3 � 10 6 resus-
pended cells were cultured for 2 d in DMEM � 10% FBS in plastic wells
precoated with both 10 �g/ml laminin and 10 �g/ml poly-D-lysine. DPBS
(1�) containing 0.25% trypsin was used to rinse off attached cells, which
were then resuspended in DMEM � 10% FBS and incubated (50,000
cells per well) overnight on coverslips precoated with 2 �g/ml laminin or
2 �g/ml poly-D-lysine. For 1 h adhesion assay, acutely dissociated cells
were resuspended with DMEM � 10% FBS. For 1 h at 37°C, 400,000 cells
per well were plated on 8-well Tek chamber slides (Thermo Scientific)
precoated with 2 �g/ml laminin or poly-D-lysine. For all assays, unbound
cells were rinsed off gently with DPBS and adherent cells were fixed with
4% paraformaldehyde for 5 min on ice, followed by immunocytochem-
istry. For quantitative analysis, images from 20 to 25 randomly selected
fields were collected from each sample to minimize potential variation in
substrate coating.

Quantification and statistical analysis. Immunopositive cells, captured
under the same exposure conditions for control and mutant sections,
were counted manually using the NIS-Elements BR 3.0 software from
Nikon. Statistical analysis was performed using Student’s t test. Values
are given as mean � SEM.

Results
Deletion of ric-8a by hGFAP-cre results in severe
cerebellar malformation
In the cerebellum, ric-8a is widely expressed in the molecular and
granule cell layers as well as in the Bergmann glial and Purkinje
cell bodies located between these layers (Tõnissoo et al., 2003;
Lein et al., 2007) (Fig. 1 I, J). Since conventional mutations in
ric-8a result in early embryonic lethality (Tõnissoo et al., 2006,
2010), to determine the in vivo function of ric-8a, we used a
conditional allele of ric-8a (to be published elsewhere), in which
exons 2– 4 are flanked by a pair of loxP sites. To delete ric-8a, we
used an hGFAP-cre that targets neural progenitors as well as as-
troglia throughout the nervous system (Zhuo et al., 2001; Malat-
esta et al., 2003). To evaluate patterns of hGFAP-cre activity, we
introduced, into the hGFAP-cre transgenic background, an mTo-
mato/mEGFP dual fluorescent cre reporter (Muzumdar et al.,
2007), which expresses mTomato before, and mEGFP after, cre-
induced recombination. We found that hGFAP-cre-induced
widespread recombination throughout the cerebellum (Fig. 1A–
D). At postnatal day 21 (P21), strong mEGFP expression was
observed in the molecular layer while moderate mEGFP expres-
sion was detected in the granule cell layer (Fig. 1A,E). On the
other hand, strong mTomato continued to be expressed in non-
neural cell types including vascular endothelial cells and menin-
geal fibroblasts (Fig. 1B,F). Thus, hGFAP-cre specifically targets
neural cell types in the cerebellum.

To determine effects of ric-8a deletion on cerebellar develop-
ment, we next introduced the hGFAP-cre transgene into the
ric-8a conditional mutant background. We first examined effects
of gene deletion on Ric-8a protein expression at P5. In controls at
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P5, we observed strong Ric-8a immunoreactivity in all layers of
the cerebellum (Fig. 1 I, J), including the external and internal
granule layers as well as the Bergmann glial and Purkinje cell
bodies located between these layers. In contrast, minimal Ric-8a
immunoreactivity was observed in mutants at the same stage
(Fig. 1K,L). Similar differences were also observed between con-
trols and mutants at P0 (data not shown). Thus, these results
indicate that hGFAP-cre induces efficient ric-8a gene deletion and
that this results in widespread loss of Ric-8a protein from an early
stage. Next, we examined the effects of ric-8a deletion on the
mutant mice. At P17, the latest stage to which they survived,
ric-8a/hGFAP-cre mutant animals showed obvious ataxia, sug-
gesting defects in cerebellar development and function. Indeed,
anatomical analysis showed that mutant cerebella were severely
disorganized (Fig. 1, compare M, N, O). Although the overall

folial pattern appeared more or less normal, nearly all lobules
showed obvious morphological defects. Granule cell migration
from the external to the internal granule layer was also perturbed
in most lobules, especially in lobules surrounding the primary
and secondary fissures. Thus, these results indicate that ric-8a
plays an essential role in cerebellar development.

To further evaluate ric-8a mutant phenotype, we next used
several antibodies to examine the various cerebellar neural cell
types as well as the basement membrane. First, we used antibod-
ies against GFAP and collagen IV to examine the Bergmann glia
and basement membrane, respectively. In the control cerebellum
at P17 (Fig. 2A–D), along all fissures, we found Bergmann glial
fibers consistently form a well organized parallel scaffold an-
chored through their endfeet at the basement membrane (Fig.
2B–D). Granule cells had also largely finished their internal mi-

Figure 1. hGFAP-cre-mediated deletion of ric-8a results in cerebellar malformation. A–H, Patterns of hGFAP-cre-induced recombination at P21 as determined using an mTomato/mEGFP reporter,
which expresses mTomato before and mEGFP after cre-induced recombination. Strong mEGFP expression is observed in the molecular layer (A, E), while strong mTomato expression remains in the
meninges (B, F ). Overall cerebellar morphology is determined by DAPI staining (C, G). Examination at higher magnifications showed that the strong mEGFP expression in the molecular layer likely
resides in both cell bodies and neuronal processes, while blood vessels express mTomato (E, H, and insets). Moderate levels of mEGFP expression are also observed in the granule cell layer. I–L, Loss
of Ric-8a protein from ric-8a/hGFAP-cre mutant cerebella. In controls at P5, Ric-8a protein is expressed more or less uniformly across different cerebellar layers, including the external granule cell
layer and internal granule cell layers as well as the Purkinje and Bergmann glial cell body layers located between these layers (I, J ). In contrast, no significant Ric-8a immunoreactivity is observed in
mutants (K, L). M–P, Defective cerebellar foliation and granule cell migration in ric-8a/hGFAP-cre mutants at P17. In contrast to the littermate control (M ), folial morphology is disrupted across the
entire cerebellar section, especially surrounding the primary and secondary fissures, in ric-8a mutants (N, O). Many ectopic granule cells (in blue, DAPI staining) are also trapped in either the EGL or
the molecular layer. reverse transcription-PCR confirms that ric-8a mRNA is lost from cerebellar tissues following gene deletion (P). Scale bar: O (for A–D), 500 �m; (for E–K ), 100 �m; and (for
M–O), 1 mm. ml, Molecular layer; gcl, granule cell layer; egl, external granule layer; igl, internal granule layer.
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gration, with a minimal number remaining in the external gran-
ule layer (EGL; Fig. 2 A). In contrast, in ric-8a/hGFAP-cre
mutants (Fig. 2E–L), Bergmann glial scaffolds surrounding the
primary and secondary fissures were severely disorganized
(Fig. 2 F, H ). No apparent parallel scaffold could be observed
and there was no basement membrane separating the neigh-
boring lobules (Fig. 2G). Further, large numbers of granule
cells were trapped throughout the molecular layer as well as in
the EGL (Fig. 2 E). Interestingly, we found that the Bergmann
glial scaffolds surrounding other, mostly nonprincipal, fissures
were still associated with basement membrane (Fig. 2 J–L). These
scaffolds, however, were nonetheless severely reduced in fiber
density. An increased number of granule cells was also found
trapped in the EGL at these fissures (Fig. 2 I). Overall, the
severity of Bergmann glial scaffold disorganization across dif-
ferent lobules appeared to closely relate to defects in granule
cell migration. While large numbers of ectopic granule cells
were found trapped in both the molecular and EGLs in lobules
surrounding the primary and secondary fissures (Fig. 2 E), in

other lobules, obvious granule cell accumulation was observed
only in the EGL but not in the molecular layer (Fig. 2 I). This
latter appears to be consistent with the lower density but rel-
atively normal organization of Bergmann glial fibers along
these fissures (Fig. 2 J). Thus, these results indicate a key role of
Bergmann glial scaffold disorganization in ectopic granule cell
positioning in ric-8a mutants.

Last, we examined Purkinje cells using an antibody against
Calbindin, a well known Purkinje cell marker. In the control
cerebellum, as expected, we observed a single row of Purkinje
cell bodies that neatly aligned at the border between the mo-
lecular and the internal granule layer (Fig. 2 M, N ). In contrast,
in ric-8a/hGFAP-cre mutants, Purkinje cell body localization
was severely disrupted, with the cell bodies scattered over a
wide area, and frequently intermingled with ectopic granule
cells. These defects were most obvious in lobules surrounding
the primary and secondary fissures (Fig. 2O,P). These results
indicate that loss of ric-8a function also severely disrupts Pur-
kinje cell positioning in the cerebellum.

Figure 2. ric-8a deletion disrupts Bergmann glial scaffolding, granule cell migration and Purkinje cell positioning. A–L, Perturbed granule cell localization, Bergmann glial scaffolding, and
basement membrane assembly in ric-8a/hGFAP-cre mutants. In controls at P17, a minimal number of granule cell precursors (arrowheads in A, E, I ), as revealed by DAPI staining, is found in the EGL
(A). In contrast, in mutants, a large number of ectopic granule cell precursors are observed in the external granule as well as the molecular layer (ml) along principal fissures (E). An increased number
of granule cell precursors also remain behind in the EGL along nonprincipal fissures in the mutants (I ). In controls, GFAP-positive Bergmann glial fibers form a parallel scaffold at all fissures (B). In
mutants, the scaffold is severely disrupted along most principal fissures (F ) and reduced in density along nonprincipal fissures (J ). In controls, Bergmann glial endfeet are anchored at the basement
membrane (arrowheads in C, G, and K; collagen IV staining) along all fissures (C). In mutants, the basement membrane is completely missing along main principal fissures (G), but remains relatively
normal along nonprincipal fissures (K ). M–P, Perturbed Purkinje cell localization in ric-8a/hGFAP-cre mutants at P17. Calbindin staining reveals that, in contrast to their orderly localization at the
border between the molecular and the internal granule layer in controls (M, N ), Purkinje cell body positioning is severely disrupted in mutants (O, P). Scale bar: L (for A–P), 200 �m. egl, external
granular layer; igl, internal granule layer.
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ric-8a is not required in granule cell precursors for
cerebellar development
A main driving force for cerebellar foliation is granule cell pre-
cursor proliferation in the EGL (Dahmane and Ruiz i Altaba,
1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Corrales et
al., 2004; Lewis et al., 2004). To determine whether potential
granule cell precursor defects play a role in the mutant pheno-
types, we next examined granule cell precursor proliferation and
differentiation at P5–P9, a stage when foliation is still in progress
and large numbers of granule cells are also in the middle of mi-
grating from the external to the internal granule layer. First, we
used an antibody against phospho-histone 3 (PH3), a mitotic
marker, to assess cell proliferation. In control cerebella, we ob-
served a large number of PH3-positive granule cell precursors in
the EGL (Fig. 3A,B). In mutants, we observed a similar number
of PH3-positive cells (Fig. 3C,D), even in regions with severe
foliation defects (although the number appears reduced in these
regions at later stages). Quantification also showed that the den-
sity of PH3-positive cells along the EGL was not significantly
different between controls and mutants (control, 70.8 � 6.3/mm;

mutant, 80.8 � 5.6/mm; p � 0.30, N � 3). Similarly, the intensity
of BrdU staining between controls and mutants was also compa-
rable (data not shown). Thus, these results indicate that ric-8a
mutation does not significantly affect granule cell precursor pro-
liferation in the EGL. Next, we used an antibody against Pax6 to
assess granule cell fate at P5. We found that Pax6 was expressed in
the EGL at a comparable level between controls and mutants (Fig.
3E–H). Similar results were also obtained using an anti-Math1
antibody (data not shown). Thus, granule cell fate determination
is also not obviously affected by ric-8a loss of function. Last, to
assess granule cell precursor differentiation, we used NeuN, a
nuclear maker specific for neurons, to stain cells in the EGL.
Granule cell precursors are known to begin postmitotic differen-
tiation in the inner half of EGL. In controls, we observed specific
NeuN staining in the innermost sublayer of the EGL (Fig. 3 I, J).
In mutants, we observed a similar pattern of NeuN staining (Fig.
3K,L). Quantification showed that the density of NeuN-positive
cells along the EGL was also not significantly different between
controls and mutants (control, 24.8 � 1.5/100 �m EGL; mutant,
25.0 � 1.5/100 �m EGL; p � 0.94, N � 5). Further, we observed

Figure 3. ric-8a is not required in granule cell precursors for normal cerebellar development. A–H, Normal proliferation and Pax6 expression by granule cell precursors in the EGL of ric-8a/hGFAP-
cre mutants. At P9 in controls (A, B), granule cell precursors in the EGL are undergoing rapid expansion and many are positive for PH3 (A). A similar pattern is observed in mutants at this stage (C, D),
even in regions with severe foliation defects (arrowheads in C and D). At P5, granule cell precursors in the EGL also express similar levels of Pax6 between controls (E, F ) and mutants (G, H ). I–N,
Normal neuronal differentiation of granule cell precursors in the EGL of ric-8a/hGFAP-cre mutants. At P5 in controls, granule cell precursors in the inner sublayer of the EGL initiate postmitotic
differentiation and stain positive for the neuronal marker NeuN (I, J ). A similar pattern is observed in mutants (K, L). Quantification also shows no significant differences in the density of
NeuN-positive cells between controls and mutants (see text). A similar pattern of TAG expression in the inner half of the EGL is also observed between controls and mutants at P5 (M, N ). O–R, Loss
of Ric-8a protein from granule cell precursors in ric-8a/Math1-creERT2 mutants. At P1 in controls (O, P), strong Ric-8a immunoreactivity is observed in granule cell precursors in the EGL (between
dash lines in O). However, in mutants (Q, R), Ric-8a immunoreactivity is severely and selectively lost from the granule cell precursors (between dash lines in Q). S, T, Deletion of ric-8a from granule
cell precursors using math1-creERT2 has no dramatic effects on cerebellar development. Similar overall foliation and granule cell migration are observed between controls (S) and mutants (T ) at P21.
Scale bar: T (for A–D), 100 �m; (for E–H ), 100 �m; (for I–R), 1 mm; and (for S, T ), 1 mm. igl, internal granule layer; egl, external granule layer.
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a similar pattern of TAG1 expression in the inner half of EGL
between controls and mutants (Fig. 3M,N). Thus, these results
indicate that the timing of granule cell precursor differentiation is
also normal in ric-8a/hGFAP-cre mutants. Therefore, altogether,
these results indicate that granule cell precursor proliferation and
differentiation are not obviously affected by ric-8a mutation.

To further assess potential ric-8a requirement in granule cells,
we next used an inducible math1-creERT2 to delete ric-8a. Previ-
ous studies have shown that tamoxifen administration at E15.5
using this cre line induces widespread recombination specifically
in granule cell precursors (Machold and Fishell, 2005). To in-
crease the efficiency of ric-8a deletion, we also used animals
heterozygous for a null and a conditional allele of ric-8a, so that
only one copy of ric-8a gene needs to be deleted in each granule
cell precursor. We found that at P1, Ric-8a protein is strongly
expressed in granule cell precursors in the control cerebellum
(Fig. 3O,P). In contrast, following math1-creT2-induced recom-
bination, Ric-8a protein is severely and specifically lost from
these cells (Fig. 3Q,R). Thus, these results indicate that math1-
creT2 induces efficient and specific removal of Ric-8a protein
from granule cell precursors at an early stage. Consistent with this
finding, we observed recombination of ric-8a genomic DNA in
close to 80% of cells in the mutant cerebellum (data not shown).
However, despite the loss of Ric-8a protein from granule cell
precursors at an early stage, we observed no significant defects,
similar to those in ric-8a/hGFAP-cre mutants, in cerebellar devel-
opment in ric-8a/math1-creERT2 animals, either at the gross an-
atomical level (Fig. 3S,T), or following staining for various
markers (data not shown). Thus, these results indicate that ric-8a
is largely dispensable from granule cell precursors for normal
cerebellar development. Thus, these results indicate that ric-8a is
primarily required in Bergmann glia, but not in granule cell pre-
cursors, for cerebellar morphogenesis.

ric-8a is essential for Bergmann glia-basement membrane
interaction and Bergmann glial scaffold organization
Our results so far indicate a specific requirement for ric-8a in
Bergmann glia for cerebellar foliation. To further analyze ric-8a
function, we next examined effects of ric-8a mutation on cerebel-
lar morphogenesis at earlier developmental stages. First, we used
antibodies against the basement membrane component Laminin
as well as DAPI staining to examine basement membrane mor-
phology and gross anatomy at P0 and P4 (Fig. 4). We found that,
in control cerebella, all four principal fissures, especially the pre-
culminate and primary fissures, had significantly invaginated
into the interior of cerebellum by the time of birth (Fig. 4A–C).
All fissures were also supported by basement membrane along
their entire length, from the mouth to the base. In contrast, in
mutants, although the posterolateral fissure appeared relatively
normal, the primary and secondary fissures completely failed to
form (Fig. 4D–F). While granule cell ingression was observed at
the presumptive sites, the basement membrane, instead of invag-
inating concomitantly with the granule cells, remained at the
surface. As a result, granule cell precursors that had migrated
internally not only failed to be separated, as under normal con-
dition, into two prospective lobules, but were also completely
devoid of contact with the basement membrane (Fig. 4E,F). Fur-
ther, the development of preculminate fissure, although seem-
ingly well supported by basement membrane at this stage, was
also significantly delayed, with fissure ingression severely behind
that in controls (Fig. 4E,F). Thus, these results indicate that
ric-8a mutation disrupts cerebellar foliation from an early devel-
opmental stage. In all mutant cerebella, however, the basement

membrane on the external cerebellar surface, although failing to
invaginate at most fissure sites, remains continuous at this stage
(Fig. 4D,F). This suggests that ric-8a function is not essential for
basement membrane integrity maintenance per se, but is primar-
ily required for the retention and subsequent assembly of base-
ment membrane at emerging fissures.

To further analyze effects of ric-8a mutation on the basement
membrane, we next examined P4 cerebella. In controls at P4, we
found that all the principal fissures had invaginated deep into the
cerebellum (Fig. 4G–I�). A number of nonprincipal fissures had
also formed at this stage (Fig. 4G, asterisks). Most importantly,
we found that at this stage all fissures were supported by base-
ment membrane along their entire length, from the mouth to the
base (Fig. 4 I, I�). In contrast, in mutants, most fissures still lacked
basement membrane support at their base and along most of
their length (Fig. 4 J–L�). In particular, at the primary fissure,
although the granule cell precursors had migrated further interi-
orly, the basement membrane not only failed to catch up, but still
remained at the cerebellar surface, where it had been at P0 (Fig.
4 J–L). Moreover, at newly formed nonprincipal fissures, base-
ment membrane also failed to keep pace with granule cell ingres-
sion (Fig. 4, compare G�–I�, J�–L�). Thus, these results indicate
that ric-8a mutation results in compromised retention and con-
sequently timely assembly of basement membrane along both
principal and nonprincipal fissures. However, similar to what we
observed at P0 (Fig. 4D,F), at P4, the basement membrane on the
cerebellar external surface remained intact (Fig. 4 J, L). Since
from P0 to P4 the volume of cerebellum has expanded signif-
icantly, this observation reinforces the interpretation that
ric-8a does not primarily regulate basement membrane integ-
rity per se, but is instead required for the retention and sub-
sequent assembly of basement membrane at developing
fissures.

Bergmann glial scaffold organization is known to be essential
for proper cerebellar morphogenesis (Delaney et al., 1996; Graus-
Porta et al., 2001; Qu and Smith, 2005; Yue et al., 2005; Belvin-
drah et al., 2006; Mills et al., 2006; Qiu et al., 2010). To examine
effects of ric-8a mutation on Bergmann glial differentiation and
Bergmann glia-basement membrane interaction, we next stained
cerebellar sections with antibodies against Nestin and BLBP for
Bergmann glia, and antibodies against Laminin for basement
membrane. We found that, in controls at P4, Nestin-positive
Bergmann glial fibers formed a neatly aligned parallel scaffold
anchored to Laminin-positive basement membrane in the fis-
sures (Fig. 5A–D). In contrast, in mutants at P4, Bergmann glial
fibers along most fissures were not anchored to the basement
membrane (Fig. 5E–L). Sometimes they were found anchored to
the basement membrane of a blood vessel that happened to run
nearby (Fig. 5E–H). At other times, they completely lacked con-
tact with any basement membrane (Fig. 5I–L). In all cases, Berg-
mann glial scaffold appeared notably disrupted and the fiber
density was severely reduced. Similarly, in controls at P5, we
observed a nicely organized BLBP-positive scaffold along all fis-
sures (Fig. 5M–P). In addition, Bergmann glial cell bodies also
formed in a tightly aligned layer at the base of the scaffold. In
contrast, in mutants, no clear organization of glial fibers could be
discerned (Fig. 5Q–T). Further, Bergmann glial cell bodies were
also scattered in a wider area and failed to form a tight layer. Thus,
these results indicate that, during early cerebellar development,
ric-8a mutation results in compromised basement membrane
retention and assembly, and consequently severely reduced Berg-
mann glia-basement membrane interaction, along developing
fissures, which in turn leads to defective Bergmann glial scaffold
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and cell body organization. As a consequence, these defects may
underlie the disruption in granule cell precursor migration (from
the external to the internal granule layer) that we observed at later
stages (Fig. 2). Last, we also examined Bergmann glia-basement

membrane interaction at P0, a stage when
foliation just starts at the prospective sec-
ondary fissure (Fig. 5U–BB). We found
that, at this stage, Bergmann glial scaffold
displayed similar morphology between
controls and mutants (Fig. 5, compare U,
Y). In particular, in cerebella of both ge-
notypes, Bergmann glial fibers similarly
reorganized into a characteristic fan shape
beneath the presumptive fissure site, as
has been previously reported in normal
cerebellar development (Sudarov and
Joyner, 2007). In contrast, although they
maintained adhesion to the basement
membrane in controls, in mutants, the
endfeet of Bergmann glial fibers com-
pletely lost connection to the basement
membrane (Fig. 5, compare Z, BB; V, X).
Thus, these results further indicate that
ric-8a does not affect Bergmann glial fiber
scaffold reorientation during the onset of
fissure formation, but instead specifically
regulates Bergmann glia-basement mem-
brane adhesion at this stage.

ric-8a regulates Bergmann glia-
basement membrane interaction in the
embryonic cerebellar primordium
To further evaluate our interpretation
that ric-8a primarily regulates Bergmann
glia-basement membrane interaction at
emerging fissures, we examined the
morphology of both during embryogen-
esis, using mutants in which the ric-8a
gene had been deleted using a nestin-cre
(Tronche et al., 1999; Graus-Porta et al.,
2001). The ric-8a/nestin-cre mutants show
similar cerebellar foliation defects to those
of ric-8a/hGFAP-cre mutants at P0 (data
not shown), but die shortly after birth. We
found that, at E17.0, control and mutant
cerebellar primordia showed similar pat-
terns of staining for all markers examined
(Fig. 6A–H). In the EGL, both controls
and mutants showed slightly thickened
nuclear DAPI staining at the sites of pro-
spective primary and secondary fissures
(Fig. 6C,G). Bergmann glial fibers also
displayed similar initial signs of reorgani-
zation into a fan shape at these sites (Fig.
6B,D,F,H) (Sudarov and Joyner, 2007),
while no obvious morphological indenta-
tion in the surface basement membrane
was yet observable in either genotype (Fig.
6A,E). These observations indicate that
cerebellar foliation defects in ric-8a mu-
tants first arise after E17.0. Indeed, at
E17.5, while in controls, we observed sig-
nificant ingression at all principal fissures,

concomitant with obvious indentation of the surface basement
membrane (Fig. 6 I–L); in mutants, no significant invagination
of the basement membrane was observed at most fissures, even
though obvious EGL thickening or granule cell ingression had

Figure 4. Cerebellar defects in ric-8a/hGFAP-cre mutants arise from failed basement membrane retention at developing fissures during
early postnatal stages. A–F, Basement membrane morphology and fissure formation at P0. In controls (A–C), Laminin staining reveals
presence of basement membrane at the base as well as along the entire length of all principal fissures (pc, preculminate; pr, primary; sec,
secondary; pl, posterolateral fissure). In contrast, in mutants (D–F ), basement membrane is completely absent from the presumptive
primary and secondary fissures, even though a large number of granule cells have migrated internally (E, arrowheads). Basement mem-
brane on the cerebellar surface, however, remains continuous, both over these presumptive fissure sites and in other regions. G–L�,
Basement membrane morphology and fissure formation at P4. In controls (G–I�), most principal fissures have invaded deep into the
cerebellum by P4, and are supported along their entire length by basement membrane. Several nonprincipal fissures have also developed
and are similarly supported by basement membrane (asterisks in G). In contrast, in mutants (J–L�), the primary fissure still completely lacks
basement membrane at P4 (arrowheads in J and K ). Other principal as well as nonprincipal fissures, although partially invested with
basement membrane, still lack support at their base (arrows in J and K; arrowheads in J�). Nonetheless, similar to P0, basement membrane
ontheexternalcerebellarsurfaceremainscontinuous.BoxedareasinG–L areshownindetail in G�–L�.Scalebar: L�(for A–L),500�mand
(for G�-L�), 200 �m. egl, External granule layer.
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Figure 5. Defective Bergmann glial scaffold and Bergmann glia-basement membrane interaction in ric-8a/hGFAP-cre mutants during early postnatal development. A–L, Bergmann glial fiber
organization and Bergmann glia-basement membrane interaction at P4. In controls (A–D), Nestin-positive Bergmann glial fibers form a parallel scaffold (A, arrows), and their endfeet are anchored
at the basement membrane that separates granule cells from neighboring lobules (arrowheads in B and C). In contrast, in mutants (E–L), Bergmann glial fibers appear disorganized at the vast
majority of fissures (arrows in E and I ). Although at some fissures they form a primitive scaffold by anchoring endfeet to the basement membrane of blood vessels nearby (F, arrowheads), at other
locations (asterisk in E) or other fissures (I ), the glial fibers completely lack anchoring. Granule cells from neighboring lobules also fuse into a single layer (arrowheads in G and K ). M–T, Bergmann
glial fiber scaffold and cell body organization at P5. In controls (M–P), BLBP staining reveals a parallel scaffold of glial fibers spanning the EGL (inset in M ). In addition, Bergmann glial cell bodies form
a tight layer beneath the EGL (between white bars in M ). In contrast, in mutants (Q–T ), not only is the glial fiber scaffold disorganized (inset in Q), their cell bodies are also dispersed over a wider
area (between white bars in Q). Pax6 expression in the EGL, however, appears similar between controls (N ) and mutants (R). U–BB, Bergmann glial fiber organization and (Figure legend continues.)
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taken place and Bergmann glial scaffolds had also undergone
major reorganization at all principal fissures (Fig. 6M–P). In par-
ticular, at the primary fissure, despite extensive granule cell and
Bergmann glial scaffold ingression, the basement membrane re-
mained at the surface. As a result, the presumptive primary fis-
sure lacked basement membrane support not only at the base but
also along the entire length. Thus, these results indicate that
ric-8a mutation first disrupts Bergmann glia-basement mem-
brane interaction between E17.0 and E17.5, at the very onset of
foliation. This therefore further reinforces our interpretation that
ric-8a function is primarily required in Bergmann glia for retain-
ing basement membrane at emerging fissures at the onset of their
formation.

To further assess potential contribution of granule cell precur-
sor defects to the mutant phenotypes we observed, we next ex-
amined their proliferation at E18.5 (Fig. 6Q–BB). We found that,
at E18.5, control and mutant cerebella showed similar patterns of
PH3 staining in the EGL (Fig. 6, compare Q, U). Quantification
showed that the numbers of PH3-positive cells was not statisti-
cally different between controls and mutants (control, 138 � 8;
mutant, 121 � 10; p � 0.25; N � 4). Pax6 expression in the EGL
also appeared comparable between controls and mutants (Fig. 6,
compare R, V). Further, BrdU labeling also revealed a similarly
strong incorporation in the EGL between controls and mutants
(Fig. 6, compare Y, AA). Thus, these results indicate that potential
defects in granule cell precursor proliferation also do not play a
major role in cerebellar malformation during embryogenesis.
Thus, these results altogether indicate that throughout embry-
onic and postnatal development, ric-8a function is specifically
required in the Bergmann glia for regulating Bergmann glia-
basement membrane adhesion, and consequently for the reten-
tion and assembly of basement membrane, at emerging fissures.

ric-8a-deficient cerebellar glia show decreased affinity for
basement membrane components
Our results have implicated a specific role of ric-8a in regulating
Bergmann glia-basement membrane adhesion. To directly assess
effects of ric-8a mutation on this interaction, we next used in vitro
cell adhesion assays (Fig. 7). To this end, we coated coverslips
with either poly-D-lysine or the basement membrane component
Laminin and assessed cerebellar glial adhesion to these substrates
in vitro. First, we used acutely dissociated P6 cerebellar cells. We
found that cerebellar glia from control and mutant animals
showed similar affinity to poly-D-lysine substrates in overnight
assays. No significant percentile differences in GFAP-positive
cells were observed between these genotypes (Fig. 7E). In con-
trast, on Laminin substrates, we observed a severe reduction in
the adhesion of mutant glia (Fig. 7A,B). While �48% of adher-
ent cells on Laminin substrates were GFAP positive for controls,
only 31% were GFAP positive for mutants (Fig. 7E). Thus, these
results indicate that ric-8a mutation severely compromises the

affinity to the Laminin substrate by cerebellar glia, a cell type that
includes all Bergmann glia.

To ensure that the decreased affinity in glial adhesion we ob-
served was not due to increased adhesion by nonglial cell types,
we next used cell preparations with an enriched glial population.
We first cultured dissociated cerebellar cells for 2 d, which, as
reported, yielded a highly enriched glial preparation (Belvindrah
et al., 2006). Indeed, we found that �92% of the cells in these
preparations stained positive for GFAP. Next, we assayed the
adhesion of these cells to poly-D-lysine and Laminin substrates
overnight. We found that, similar to acutely dissociated cells,
GFAP-positive cells in the glia-enriched preparations showed
similar affinity to poly-D-lysine between controls and mutants
(Fig. 7F). Their ability to adhere to Laminin, however, was se-
verely compromised by ric-8a mutation (Fig. 7C,D). While the
cell density on Laminin substrates was on average 432 cells/cm 2

for controls, the density was �178 cells/cm 2 for mutants, a
change that represents a close to 60% drop in cell adhesion (Fig.
7F). Last, to rule out potential effects of ric-8a mutation on cell
survival and/or differentiation, we also performed a 1 h adhesion
assay using acutely dissociated cerebellar cells. We found that,
while control and mutant glia showed no significant differences
in their affinity for poly-D-lysine substrates, mutant glia, similar
to those in overnight assays, also showed �60% reduction in
adhesion to the Laminin substrate (Fig. 7G). Thus, these results
together reinforce the interpretation that ric-8a mutation com-
promises the affinity of cerebellar glia to basement membrane
components, and provide further support for the conclusion that
ric-8a regulates Bergmann glia-basement membrane interaction
in vivo during cerebellar development.

Deletion of �1 integrin from Bergmann glia results in similar
defects in cerebellar foliation
Cell substrate adhesion is best known to be mediated by the in-
tegrin class of cell adhesion molecules, of which �1 integrins are
major members. Thus, if ric-8a regulates the enhanced Bergmann
glia-basement membrane interaction during cerebellar foliation
and its mutation results in cerebellar fissure malformation, one
would predict that �1 integrin loss of function in Bergman glia
may also compromise their interaction with basement mem-
brane, and lead to similar foliation defects. Indeed, severe cere-
bellar defects, including compromised foliation, have been
reported in �1 integrin conditional mutants, where �1 integrin
was deleted using the nestin-cre (Graus-Porta et al., 2001). How-
ever, since �1 integrin has been found to be essential for several
different processes of cerebellar development, including Sonic
hedgehog-driven granule cell precursor proliferation (Blaess et
al., 2004), the relative contribution to these phenotypes of �1
integrin function in granule cell precursors versus Bergmann glia
was unclear. To overcome this complication, we used an induc-
ible nestin-creER line to specifically delete �1 integrin from the
Bergmann glia (Burns et al., 2007).

To assess the specificity, we first examined patterns of recom-
bination induced by nestin-creER (Burns et al., 2007), using the
mTomato/mEGFP dual fluorescent reporter (Muzumdar et al.,
2007), the same line we used to assess the recombination by
hGFAP-cre (Fig. 1A–H). We found that administration of ta-
moxifen around E18.0, but not at earlier stages, using nestin-
creER, resulted in a relatively specific recombination in
Bergmann glia in a mosaic pattern (Fig. 8A–C). At P7, �1 week
after Cre activation, we observed frequent clusters of mEGFP-
expressing cells in the prospective molecular layer (Fig. 8A).
Most of these mEGFP-positive cells displayed elongated fibers

4

(Figure legend continued.) their interaction with the basement membrane at P0. In controls
at P0 (U–X), Bergmann glial fibers reorganize into a fan shape beneath the developing second-
ary fissure (between white bars in U), while in the meantime maintaining adhesion to the
basement membrane (between arrows in X). In contrast, in mutants (Y–BB), although Berg-
mann glial fibers also reorganize into a fan shape (between white bars in Y), they fail to main-
tain adhesion to the pial basement membrane, but instead appear to interact with blood vessels
(between arrows in BB). As a result, unlike in controls, pial basement membrane remains on the
surface in mutants (arrows in V and Z). Scale bar: BB (for A–T), 200 �m and (for U–BB), 100
�m. egl, external granule layer.
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Figure 6. Defective basement membrane retention at the developing fissures in the embryonic cerebellum of ric-8a/nestin-cre mutants. A–H, Bergmann glial fiber organization and basement
membrane morphology at E17.0. Subtle signs of Bergmann glial fiber reorganization and EGL thickening can be similarly observed at prospective primary and secondary fissure sites in both controls
(B, C) and mutants (F, G) at E17.0, while no obvious indentations are noticed in the basement membrane in either controls (A) or mutants (E). I–P, Bergmann glial fiber organization and basement
membrane morphology at E17.5. In controls at E17.5 (I–L), clear basement membrane invagination begins to appear at most prospective primary fissures (I), concomitant with Bergmann glial fiber
reorganization beneath (J). In contrast, in mutants (M–P), despite similar progress in Bergmann glial fiber reorganization (asterisk in N), basement membrane invagination fails to take place (M).
Q–BB, Granule cell precursor proliferation and Pax6 expression at E18.5. Similar levels of PH3 staining as well as Pax6 expression are observed in the EGL between controls (Q, R) and mutants (U,
V). Similarly strong BrdU incorporation is also observed in the EGL between controls (Y, Z) and mutants (AA, BB). Scale bar: X (for A–BB), 500 �m. egl, external granule layer; pc, preculminate; pr,
primary; sec, secondary; pl, posterolateral fissure.
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that spanned the EGL, indicating that they belonged to Berg-
mann glia. On the other hand, the vast majority of cerebellar cells,
including most in the Bergman glial and Purkinje cell layers as
well as those in the external and internal granule layers, contin-
ued to express mTomato (Fig. 8B). Thus, these results indicate
that administration of tamoxifen at E18.0 using the nestin-creER
line results in a relatively specific Cre activation in Bergmann glia.

To determine effects of �1 integrin deletion from subsets of
Bergmann glia, we next introduced the nestin-creER transgene
into the �1 integrin conditional mutant background, and admin-
istered tamoxifen at E18.0. We found that this resulted in fre-
quent areas of reduced �1 integrin immunoreactivity at the
endfeet of Bergmann glia (Fig. 8D–G), in a pattern similar to that
of mEGFP expression observed using the mTomato/mEGFP re-
porter (Fig. 8A). This indicates loss of �1 integrin protein from
subsets of Bergmann glia. Indeed, consistent with �1 integrin loss
of function, we observed significant cerebellar defects in these
animals, similar to those in ric-8a/hGFAP-cre mutants. In con-
trols at P19, we observed, as expected, a neatly organized Berg-
mann glial scaffold along all early forming fissures (Fig. 8H). The
internal migration of granule cells from the external to the inter-
nal granule layer had also largely been completed, with a minimal
number of granule cells remaining in the EGL (Fig. 8 I). In con-
trast, in �1 integrin mutants, along many fissures, we frequently
observed disorganized Bergmann glial scaffolds, where the glial
fibers appeared loose and wavy (Fig. 8K). An increased number
of granule cell precursors was also observed in the EGL (Fig. 8L),
suggesting delay in their internal migration. Indeed, quantifica-
tion confirmed a significant increase in the number of granule
cell precursors that remained in the EGL (control, 111 � 14/mm
EGL; mutant, 278 � 41/mm EGL; p � 0.02, N � 4). In contrast to
mutants in which �1 integrin was deleted using nestin-cre (Graus-
Porta et al., 2001), however, the fissural basement membrane
appeared normal in these nestin-creER mutants (data not
shown). This is likely due to the relatively late timing by which �1
integrin was deleted. Thus, these results indicate that, similar to
ric-8a mutation, weakening Bergmann glia-basement interaction
by �1 integrin deletion from subsets of Bergmann glia also results
in disrupted glial scaffold organization along cerebellar fissures,

and consequently compromised migration of granule cell precur-
sors from the external to the internal granule layer.

To further assess effects of �1 integrin deletion, we next exam-
ined cerebellar foliation at late-forming fissures. At P19 in con-
trols, most late-forming fissures had completed their ingression.
Along these fissures, we also observed a nicely organized Berg-
mann glial scaffold spanning the molecular layer and a minimal
number of residual granule cells in the EGL (Fig. 8N–P). In con-
trast, in mutants, we found that the ingression of several fissures
that normally develop last was severely compromised (Fig. 8Q–
S). At their prospective sites, we observed only the initial signs of
fissure formation, in which the Bergmann glial fibers underwent
their characteristic reorganization into a fan shape (Fig. 8Q). Fis-
sure ingression, however, failed to take place. The endfeet of
Bergmann glial fibers at these sites also failed to maintain adhe-
sion to the basement. As a result, the remaining granule cell pre-
cursors lost access to the Bergmann glial scaffold and appeared
trapped in the EGL at the presumptive fissure site (Fig. 8R,S).
Thus, these results indicate that similar to ric-8a, �1 integrin
function in the Bergmann glia is also essential for fissure forma-
tion during cerebellar foliation. When �1 integrin is removed
from subsets of Bergmann glia, their interaction with basement
membrane is weakened, which leads to failed fissure ingression.
These similarities between �1 integrin and ric-8a mutant pheno-
types thus further support our interpretation that ric-8a specifi-
cally regulates Bergmann glia-basement membrane adhesion at
the onset of fissure formation during cerebellar foliation.

Discussion
Previous studies have implicated a large number of cell adhesion
molecules and associated proteins in maintaining basement
membrane integrity during cerebellar development (Graus-
Porta et al., 2001; Qu and Smith, 2005; Belvindrah et al., 2006;
Mills et al., 2006; Satz et al., 2008, 2010; Koirala et al., 2009). In all
cases, these mutations affect the integrity of basement membrane
both on the cerebellar external surface and along newly developed
fissures, suggesting a general role of these genes in regulating cell-
basement membrane interaction and basement membrane as-
sembly/maintenance. Cell-basement membrane interaction,

Figure 7. ric-8a mutation results in reduced cerebellar glial affinity for Laminin. A–B, Overnight adhesion assay of acutely dissociated cerebellar cells on Laminin substrates. A higher percentage
of cells (DAPI staining in blue) are GFAP-positive (in red) in controls (Ctrl, A) than in mutants (Mtnt, B) on Laminin substrates. No significant difference is observed on poly-D-lysine (PD-Lysine)
substrates (quantification in E). C–D, Overnight adhesion assay of glia-enriched cerebellar cells on Laminin substrates. A higher number of cells adhere to the Laminin substrate in controls (C) than
in mutants (D). No significant difference is observed on poly-D-lysine substrates (quantification in F). E, Quantification of GFAP-positive cells on poly-D-lysine and Laminin substrates in overnight
adhesion assay of acutely dissociated cerebellar cells. **p � 0.003, N � 3 animals for each condition. F, Quantification of GFAP-positive cells on poly-D-lysine and Laminin substrates in overnight
adhesion assay of glia-enriched cerebellar cells. *p � 0.02, N � 3 animals for each condition. G, Quantification of GFAP-positive cells on poly-D-lysine and Laminin substrates in 1 h adhesion assay
of acutely dissociated cerebellar cells. *p � 0.02, N � 3 animals for each condition. Scale bar: D (for A, B), 100 �m and (for C, D), 200 �m.
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however, is highly dynamic during cerebellar development, espe-
cially during the process of foliation, when granule cell precursors
and Bergmann glia, along with the supporting basement mem-
brane, undergo ingression at select sites along the cerebellar sur-

face, while remaining in place at other locations. This suggests
differential regulation of cell-basement membrane interaction
during the initiation of foliation. However, little is known, to
date, about how this process is regulated at the molecular level. In

Figure 8. �1 integrin deletion from Bergmann glia results in similar defects in cerebellar foliation. A–C, Patterns of cerebellar recombination induced by nestin-creER, as determined using the mTomato/
mEGFP reporter. Tamoxifen administration at E18.0 results in reporter recombination and mEGFP expression in clusters of Bergmann glia (A), while remaining Bergmann glia and granule cell precursors appear
unrecombined and continue to express mTomato (B). D–G, Reduction of �1 integrin protein expression in mutant cerebella. In controls at P19, �1 integrin is strongly expressed in the Bergmann glial endfeet
(D, E). Incontrast, frequentgapsareobservedin�1integrin/nestin-creERmutants(arrowheadsinF and G). H–M,�1integrindeletionbynestin-creERperturbsBergmannglialscaffoldorganizationandgranule
cellmigration. IncontrolsatP19(H–J),Bergmannglial fibersmaintainaparallelscaffoldalongall fissures(H),andaminimalnumberofgranulecellprecursorsremainintheEGL(I). Incontrast, inmutants(K–M),
Bergmann glial fibers along many fissures appear wavy, frequently crisscrossing each other (K), and an increased number of granule cells remain in the EGL (L). N–S, �1 integrin deletion by nestin-creER results
in failed invagination of late-developing fissures. In controls at P19 (N–P), most late-forming fissures have finished formation (N), and a minimal number of granule cell precursors remain in the EGL (O). In
contrast, in mutants (Q–S), although Bergmann glial fibers initiate reorganization into a fan shape at late-forming fissures (Q), their endfeet frequently detach from the basement membrane and, as a result,
fissures fail to invaginate (R). Many granule cell precursors in the EGL at the presumptive fissure site also appear to lose access to the Bergmann glial scaffold and appear trapped (R, S). Scale bar: S (for A–C and
H–S), 200 �m and (for D–G), 50 �m. egl, external granule layer; igl, internal granule layer; ml, molecular layer.
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this article, we demonstrate that Ric-8a, a guanine nucleotide
exchange factor for several heterotrimeric G proteins, plays an
essential role in the Bergmann glia for regulating Bergmann glia-
basement membrane interaction, specifically at the onset of cer-
ebellar foliation. We show that ric-8a deletion from the
cerebellum results in severe defects in lobule formation, granule
cell migration, Purkinje cell localization, and Bergmann glial
scaffold organization. We also show that ric-8a mutation does
not significantly affect granule cell precursor proliferation or dif-
ferentiation, and that cell type-specific deletion of ric-8a from the
granule cell precursors does not result in similar phenotypes.
These findings thus implicate a specific requirement for ric-8a in
the Bergmann glia during cerebellar development. Moreover, we
show that ric-8a mutation results in compromised basement
membrane formation at developing fissures during both embry-
onic and early postnatal development, but has no primary effects
on the integrity of basement membrane that remains on the cer-
ebellar surface. We further show that these defects lead to, along
the developing fissures, not only Bergmann glial fiber disorgani-
zation, but also cell body misalignment. These findings thus in-
dicate that ric-8a plays a specific role in regulating Bergmann
glia-basement membrane adhesion during the onset of fissure
formation, but is largely dispensable for general basement mem-
brane maintenance. This interpretation is further supported by
our findings that glial cells isolated from ric-8a-deficient cerebella
show reduced affinity for basement membrane components in
vitro. Last, we show that weakening Bergmann glia-basement
membrane interaction during cerebellar development, by re-
moving �1 integrin from subsets of Bergmann glia, also results in
similar defects in cerebellar foliation. Thus, altogether, our re-
sults reveal novel insights into the molecular mechanisms that
coordinate cerebellar foliation during brain development.

Ric-8a function in Bergmann glia
Ric-8a is widely expressed in the developing cerebellum. Using
genetic approaches, we demonstrate that ric-8a is specifically re-
quired in the Bergmann glia during cerebellar foliation. We find
that ric-8a deletion using math1-creERT2, which targets granule
cell precursors (Machold and Fishell, 2005), has no dramatic ef-
fects on cerebellar development similar to hGFAP-cre. This indi-
cates that ric-8a is not required in granule cell precursors for the
process of foliation, although we cannot rule out ric-8a require-
ment for other developmental processes, or in adult function. In
contrast, ric-8a deletion using hGFAP-cre or nestin-cre, mouse
lines targeting most cerebellar neural cell types (Graus-Porta et
al., 2001; Zhuo et al., 2001), results in severe defects in foliation.
To our knowledge, this is the first time that a signaling molecule
has been specifically implicated in the Bergmann glia for cerebel-
lar foliation. It therefore provides a new venue for gaining in-
sights into the intercellular signaling mechanisms that coordinate
cerebellar morphogenesis.

At the biochemical level, Ric-8a has been found to enhance the
exchange rate for GTP by several heterotrimeric G proteins as
well as to serve as a molecular chaperone for their membrane
association (Tall et al., 2003; Tall and Gilman, 2005; Thomas et
al., 2008, 2011; Gabay et al., 2011; Thomas et al., 2011). This
suggests that Ric-8a likely regulates heterotrimeric G-protein-
dependent signaling in the Bergmann glia and that this pathway is
essential for maintaining strong Bergmann glia-basement mem-
brane interaction during cerebellar foliation. As such, it appears
probable that GPCRs may act upstream of Ric-8a in Bergmann
glia. Along this line, it is interesting to note that Sonic hedgehog-
induced granule cell precursor proliferation depends on G�i

function in vitro (Barzi et al., 2011). We did not observe obvious
defects in granule cell precursor proliferation in ric-8a mutants.
This suggests that ric-8a is not essential for Sonic hedgehog sig-
naling in granule cell precursors. During cerebellar development,
Purkinje cells are known to secrete Sonic hedgehog for inducing
granule cell precursor proliferation, which in turn drives folia-
tion, a process also coordinated with the Bergmann glia. In this
vein, it would appear most parsimonious if Purkinje cell-derived
Sonic hedgehog also signals to Bergmann glia to coordinate cer-
ebellar morphogenesis. This speculation is particularly tempting
in light of recent findings that Sonic hedgehog can activate cyto-
skeletal regulators through G�i proteins, in a manner indepen-
dent of Gli-mediated transcriptional regulation (Polizio et al.,
2011). However, other studies have shown that, although Sonic
hedgehog can regulate Bergmann glial maturation in vitro, evi-
dence for its involvement in Bergmann glial development in vivo
is still lacking (Dahmane and Ruiz i Altaba, 1999; Lewis et al.,
2004). Thus, further studies are needed to determine whether
ric-8a may act in Sonic hedgehog signal transduction. Ric-8a has
also been found to regulate GPCR-independent G� function in
invertebrates, especially in the process of asymmetric cell division
(Afshar et al., 2004; David et al., 2005; Hampoelz et al., 2005;
Wang et al., 2005). Thus, it is also possible that ric-8a may regu-
late GPCR-independent G� function. Last, a recent study shows
that Ric-8a regulates signaling by the receptor tyrosine kinase
PDGFR (Wang et al., 2011). Thus, receptor tyrosine kinases are
also potential candidates that may act upstream of Ric-8a.

Bergmann glia-basement membrane interaction during
cerebellar foliation
Basement membrane integrity is critical for nervous system de-
velopment, especially in the cerebral cortex and cerebellum. Sev-
eral classes of cell adhesion molecules and related regulators,
including dystroglycan, integrin, integrin-linked kinase, and Abl
family tyrosine kinase, have been implicated in basement mem-
brane assembly and maintenance in this process (Graus-Porta et
al., 2001; Belvindrah et al., 2006; Mills et al., 2006; Satz et al., 2008,
2010; Qiu et al., 2010). Mutations in these genes result in both
basement membrane breach and neuronal ectopia in the cerebel-
lum. These defects are, however, in general more severe than
those observed in ric-8a/hGFAP-cre mutants. In particular, in all
these mutants, not only is the basement membrane along the
developing fissures, but also that on the external cerebellar surface is
compromised and marked by discontinuities. Since basement mem-
brane is essential for granule cell precursor proliferation (Blaess et al.,
2004), this results in, besides disruptions in the Bergmann glial scaf-
fold, reductions in granule cell numbers and consequently smaller
sizes of cerebellum. In contrast, in ric-8a mutants, basement mem-
brane along the developing fissures is frequently missing, but when
present, it remains continuous. Basement membrane on the external
cerebellar surface is also consistently intact during early postnatal
development. This indicates that there are no primary defects in
basement membrane maintenance by ric-8a-deficient Bergmann
glia. To our knowledge, this is also the first time that a signaling
molecule has been identified that specifically regulates the strength
of Bergmann glia-basement membrane interaction, while being
largely dispensable for basement membrane integrity maintenance.
This also reveals new insights into the mechanics of cerebellar folia-
tion where the strength of Bergmann glia-basement membrane in-
teraction appears to be differentially modulated at the cerebellar
periphery, so that fissure formation can proceed smoothly at select
sites.
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Cerebellar foliation defects and human diseases
It is increasingly recognized that, in addition to motor coordina-
tion, cerebellum is also critical for a significant number of higher
order functions such as cognition, emotion, and language. The
unique anatomy of the cerebellum, including the folia, is a key
structural foundation for these functions. Indeed, it has been
proposed that each individual folium may be an integrative mod-
ule for unique sets of sensorimotor transactions (Welker, 1990).
This hypothesis is supported by studies that localize particular
sensorimotor tasks specifically to certain folia (Sillitoe and
Joyner, 2007). Moreover, recent studies have also shown close
correlation between the degree of cerebellar foliation and the
complexity of behaviors displayed in different species of sharks
(Yopak et al., 2007), which further suggests a role of foliation in
cerebellar functional organization. Consistent with these observa-
tions, specific abnormalities in cerebellar fissuration and foliation in
the vermis and/or the hemisphere have also been associated with
developmental delay in human patients (Demaerel, 2002). How-
ever, despite significant insights into common cerebellar birth de-
fects (Millen and Gleeson, 2008), the molecular mechanisms
underlying these lesser known conditions remain poorly under-
stood. Our implication of a role by ric-8a in specifically regulating
Bergmann glia-basement membrane interaction during cerebellar
foliation may therefore open a new venue for improved molecular
understanding of these diseases.
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