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Neurobiology of Disease

GPR56-Regulated Granule Cell Adhesion Is Essential for
Rostral Cerebellar Development
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Mutations in GPR56, an orphan G-protein-coupled receptor (GPCR), cause bilateral frontoparietal polymicrogyria (BFPP), a disorder
characterized by mental retardation, seizures, motor developmental delay, and ataxia. BFPP patients have structural abnormalities of the
cerebral cortex, cerebellum, and pons. To shed light on the function of GPR56 and the anatomical and behavioral defects underlying
BFPP, we analyzed the cerebellum of mice lacking this GPCR. Gpr56⫺/⫺ mice display a severe malformation of the rostral cerebellum that
develops perinatally. Defects involve fusion of adjacent lobules, disrupted layering of neurons and glia, and fragmentation of the pial
basement membrane. At the age of defect onset, GPR56 expression is restricted specifically to developing granule cells in the rostral
cerebellum, suggesting that GPR56 regulates properties of these cells. Indeed, granule cells from the rostral region of perinatal Gpr56⫺/⫺
cerebella show loss of adhesion to extracellular matrix molecules of the pial basement membrane. Interference RNA-mediated knockdown of GPR56 recapitulates the loss of adhesion seen in knock-outs, and reexpression of GPR56 rescues the adhesion defect in knock-out
granule cells. Loss of GPR56 does not affect cell proliferation, migration, or neurite outgrowth. These studies establish a novel role for
GPR56 in the adhesion of developing neurons to basal lamina molecules and suggest that this adhesion is critical for maintenance of the
pia and proper cerebellar morphogenesis.

Introduction
Bilateral frontoparietal polymicrogyria (BFPP) is a congenital
disorder whose clinical features include mental retardation, seizures, motor developmental delay, and nonprogressive ataxia
(Harbord et al., 1990; Sztriha and Nork, 2000; Piao et al., 2002,
2005; Chang et al., 2003; Parrini et al., 2008). BFPP is caused by
mutations in GPR56 (Piao et al., 2004), an orphan receptor of the
poorly understood adhesion G-protein-coupled receptor
(GPCR) family (Bjarnadóttir et al., 2007). BFPP patients have
morphological abnormalities in multiple brain regions. Most
studies have focused on the forebrain defects, which include abnormally small and irregular gyri and sulci, especially in the frontal lobe (Piao et al., 2002, 2004, 2005; Chang et al., 2003). However, magnetic resonance imaging has shown that BFPP patients
also have hypoplasia of the cerebellum and pons (Chang et al.,
2003; Piao et al., 2005). Although these gross morphological
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changes have been characterized, the specific histopathologies
underlying BFPP and the developmental processes affected by
GPR56 mutations have remained unknown.
Biochemical studies of GPR56 mutations that cause BFPP
have suggested that they result in loss of function attributable to
aberrant processing or trafficking of the protein (Jin et al., 2007;
Ke et al., 2008). Consistent with these findings, Gpr56 knock-out
mice exhibit forebrain defects with similarities to those seen in
BFPP (Li et al., 2008). However, the cellular roles of GPR56 have
remained unclear. Studies in vitro have shown that GPR56 overexpression inhibits the migration of telencephalic neural precursors (Iguchi et al., 2008), but the role of GPR56 in neuronal
migration in vivo remains unknown. Based on the observation
that GPR56 promotes (Shashidhar et al., 2005; Ke et al., 2007) or
suppresses (Xu et al., 2006) cancer cell growth and spreading, it
has also been proposed that GPR56 regulates cell adhesion, but
this has remained untested in the nervous system.
In light of the severe motor phenotypes and apparent cerebellar abnormalities seen in BFPP patients, we studied the cerebellum of Gpr56 knock-out mice. We used histological, molecular,
and behavioral approaches to characterize the defects caused by
loss of GPR56 and also examined the potential cellular functions
of this molecule in vitro and in vivo. Our experiments demonstrate that GPR56 is essential for proper morphogenesis of the
rostral cerebellum and suggest that defects caused by loss of
GPR56 arise from granule cell abnormalities in this region. Consistent with this hypothesis, developing granule cells from the
rostral region of Gpr56⫺/⫺ cerebella at birth exhibit a specific
defect in cell adhesion to extracellular matrix (ECM) molecules
of the pial basement membrane (BM) but no defects in migra-
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tion, proliferation, or process outgrowth. These results support a
novel hypothesis that the cerebellar defects in Gpr56 knock-outs,
and potentially in human patients with GPR56 mutations, arise
from the disrupted adhesion of developing granule cells to the
pial BM.

Materials and Methods
Animals. Gpr56 knock-out mice on a mixed 129/BL6/FvB/BALB/c background were obtained from Genentech and Lexicon Genetics. The targeting scheme involved replacement of exons 2 and 3 of Gpr56 by IRES–
lacZ/MCI–neo, which results in the deletion of the starting ATG and
causes a frame shift. Fetal stage was calculated from the day when a
vaginal plug was observed [considered as embryonic day 0.5 (E0.5)].
Most litters were born on E20 or E20.5 [considered postnatal day 0 (P0)
or P0.5, respectively]. All animals were treated according to the guidelines of the Animal Care and Use Committee of Children’s Hospital
Boston.
Antibodies. Immunolocalization was performed using the following
antibodies: rabbit anti-Zic (1:400; a kind gift from Dr. Rosalind Segal,
Harvard Medical School, Boston, MA), rabbit anti-GPR56 (1:100; a kind
gift from Dr. Richard Hynes, Massachusetts Institute of Technology,
Cambridge, MA), rabbit anti-Math1 (1:100; a kind gift from Dr. Jane
Johnson, University of Texas Southwestern, Dallas, TX), mouse antiCalbindin (1:200; Sigma), rabbit anti-brain lipid binding protein (BLBP)
(1:1000; Millipore Bioscience Research Reagents), guinea pig anti-glutamate–aspartate transporter (GLAST) (1:4000; Millipore Bioscience Research Reagents), rabbit anti-Engelbreth–Holm–Swarm laminin (1:40;
Sigma), anti-GFAP (1:400; Dako), anti-GABA receptor ␣6 (1:200; a kind
gift from Dr. Azad Bonni, Harvard Medical School, Boston, MA), antitubulin ␤III (1:500; Sigma), rat anti-bromodeoxyuridine (1:400; Axyll),
rabbit anti-GFAP (1:200; Dako), goat anti-collagen IV (1:25; Southern
Biotechnology Associates), mouse anti-neuronal-specific nuclear protein (1:400; Millipore Bioscience Research Reagents), rat anti-␣6integrin (1:400; a kind gift from Dr. Ulrich Mueller, Scripps Research
Institute, La Jolla, CA), and rat anti-␤1-integrin (1:200; Millipore Bioscience Research Reagents).
Interference RNA and expression vectors. Plasmids encoding small hairpin RNAs (shRNAs) along with enhanced green fluorescent protein
(EGFP) were generated and tested as described in supplemental Materials and Methods (available at www.jneurosci.org as supplemental material). The Gpr56 shRNA targeted the sequence TAACTACGGCCCCATTATC, whereas the sequence for the scrambled, control shRNA was
GCCCTCTACACTCTAAGTA. For GPR56 expression, plasmids encoding full-length GPR56 with fluorescent or nonfluorescent tags were generated and tested (supplemental Materials and Methods, available at
www.jneurosci.org as supplemental material).
Histology and immunohistochemistry. Whole brains of embryos were
immersion fixed in 4% paraformaldehyde in 0.1 M PBS. Postnatal mice
were transcardially perfused with the same fixative. After 2 h to overnight
immersion in the fixative at 4°C, brains were rinsed in PBS and moved to
30% sucrose in PBS for cryoprotection. Brains were embedded in Tissue
Tek OCT medium (Sakura) and cryosectioned at 12–16 m. Sections
were stained with 0.1% cresyl violet/0.5% acetic acid or processed for
immunolabeling using standard procedures. Primary antibodies were
visualized using appropriate fluorophore-conjugated secondary antibodies (1:200 –1:400; Jackson ImmunoResearch). Nuclei were stained
with 4⬘,6⬘-diamidino-2-phenylindole (DAPI) (Invitrogen). Sections
were mounted in Gelmount (Biomeda) to inhibit photobleaching. Images were captured using a confocal LSM 510 NLO system (Zeiss) or a
Spot digital camera (Diagnostic Instruments) on a Nikon 80i epifluorescence microscope. Levels were adjusted uniformly, and, in some cases,
images of adjacent fields were stitched together in Photoshop (Adobe
Systems). Numbering of cerebellar lobules was done as in the study by
Sudarov and Joyner (2007). For measurements of midsagittal cerebellar
area, images of three Nissl-stained midsagittal cerebellar sections from
⬃50 m apart were used per animal. Regions of interest were traced, and
the area was calculated in NIH ImageJ (Wayne S. Rasband, National
Institutes of Health, Bethesda, MD).
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In situ hybridization. In situ hybridization was performed essentially as
described previously (Schaeren-Wiemers and Gerfin-Moser, 1993).
Briefly, DNA templates for transcribing cRNA probes were generated by
PCR using the following primer pairs: Gpr56, forward, 5⬘-ATTTAGGTGACACTATAGAAGTGGGTAGAAGCCACTCACAAACACTAC-3⬘;
reverse, 5⬘-GCGTAATACGACTCACTATAGGGAGAAGGTTGAACAGGAACACCAGAC-3⬘; Blbp, forward, 5⬘-ATTTAGGTGACACTATAGAAGTGTGAGTACATGAAAGCTCTGG-3⬘; reverse, GCGTAATACGACTCACTATAGGGAGACTACCTCCACACCGAAGAC-3⬘; Math1,
forward, 5⬘-ATTTAGGTGACACTATAGAAGTGAACGTTATCCCGTCCTTCAAC-3⬘; and reverse, 5⬘-GTAATACGACTCACTATAGGGAGAGGAAAACTCTCCGTCACTTCTG-3⬘.
Underlined regions correspond to SP6 (in forward primers) and T7 (in
reverse primers) RNA polymerase binding sequences. Digoxigenin (DIG)labeled sense and antisense riboprobes were generated using SP6 and T7
polymerases, respectively (Promega) and a DIG– dUTP mix (Roche). DIGlabeled riboprobes were hybridized to 12- to 16-m-thick cryosections of
embryonic mouse brain, detected using an alkaline phosphatase-conjugated
anti-DIG antibody (Roche), and developed with a nitroblue-tetrazoliumchloride/5-bromo-4-chlor-indolyl-phosphate substrate (Roche).
Electron microscopy. Cerebella were removed from embryos and immersed overnight at 4°C in fixative containing 0.1 M sodium cacodylate,
pH 7.2, 2.5% glutaraldehyde, 2% paraformaldehyde, and 1% acrolein.
The cerebella were cut into two halves in the midsagittal plane and then
osmicated, dehydrated, and embedded in epoxy. Sections of 1 m were
cut from the midsagittal surface, stained with toluidine blue, and examined to identify the rostral cerebellum. Ultrathin sections were cut in the
same plane and contained lobules I–III and IV–V as well as some adjacent
tissue. Sections mounted on single slot grids were stained with uranyl
acetate and lead citrate and imaged in either a Jeol 1200EX or Tecnai G 2
Spirit BioTWIN electron microscope.
Adhesion assays. For adhesion assays with cells from freshly dissected
brains, P0.5 litters consisting of Gpr56⫹/⫺ and Gpr56⫺/⫺ mice were used
in each of four separate experiments (total n ⫽ 15 Gpr56⫹/⫺ and 16
Gpr56⫺/⫺ animals). Experiments were performed blind, with genotyping performed afterward. Each brain was dissected into cold HBSS, the
cerebellum was separated, and the overlying meninges were removed.
The cerebellum was then microdissected to obtain the rostral and caudal
regions. For the rostral, we cut the cerebellum at the primary fissure
between lobules IV–V and lobule VI–VIII, thus obtaining rostral lobules
I–III and IV–V. For the caudal portion, we cut at the middle of lobules
VI–VIII and took tissue posterior to this, thus obtaining approximately
lobules VII–X. In the mediolateral axis, the dissected pieces contained the
vermis and medial regions of the hemispheres. The rostral and caudal
cerebellar tissue from each mouse was processed separately. Tissues were
minced and then incubated in 20 U/ml papain and 2000 U/ml DNase in
Ca 2⫹ and Mg 2⫹-free HBSS containing 1 mM L-cysteine and 0.5 mM
EDTA for 15 min at 37°C. The papain was inactivated by addition of
high-glucose DMEM (Invitrogen) containing 10% fetal bovine serum,
and the tissue was gently triturated using fire-polished Pasteur pipettes of
decreasing bore diameter. In some experiments, cells were mechanically
dissociated in HBSS with 1 mM EDTA in the absence of papain and
DNase (n ⫽ 5 Gpr56⫹/⫺ and 4 Gpr56⫺/⫺ animals). Cells were centrifuged at 750 ⫻ g for 5 min, after which the supernatant was aspirated and
cells were resuspended in serum-free DMEM. This step was repeated to
remove remaining serum. From the rostral and the caudal portions of the
cerebellum of each mouse, 20,000 cells per well (in 150 l of serum-free
DMEM) were plated separately in triplicate onto wells of 48-well polystyrene tissue culture plates (Corning Life Sciences) coated with 2 g/ml
mouse Engelbreth–Holm–Swarm laminin (laminin-1) (Sigma), 5 g/ml
human fibronectin (BD Biosciences), or 4 g/ml collagen IV (BD Biosciences). Plates were placed in a 37°C tissue culture incubator for 2 h for
laminin-1, 90 min for fibronectin, and 3 h for collagen IV. Substrate
concentrations and incubation times were selected based on previous
tests (data not shown) to allow detection of both increases and decreases
in adhesion. Also, to minimize variability in adhesion assays, all samples
and treatments in each experiment were run simultaneously. After incubation, unattached cells were gently removed, and the remaining adherent cells were fixed with 4% paraformaldehyde in PBS for 20 min. Gran-
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ule cells adhered poorly to uncoated or 1% BSA-treated plates (⬍6% at
2 h). After fixation, cell nuclei were stained with DAPI. Cells were immunostained with Math1 and Zic for cells of the granule cell lineage and
GFAP for glial cells. Images of 10 random fields were captured per well
using a video camera (Hamamatsu), and cells were counted in NIH
ImageJ. The corresponding cell counts from control wells (BSA-coated
or uncoated) were subtracted for each sample.
For adhesion assays with cells from cultured slices, several modifications were made. Rostral regions of cerebella showing robust EGFP
expression were separated with a scalpel and collected in cold HBSS.
Digestion in papain was reduced to 10 min, and trituration was also
minimized because the cells dissociated more readily. Cells were centrifuged and resuspended in serum-free DMEM only once to minimize cell loss. The number of GFP-positive (GFP ⫹) cells per milliliter
was counted for each sample, and equal numbers of GFP ⫹ cells (1500
in 150 l) were added to coated wells of 48-well plates. Incubation,
washes, fixation, staining, and imaging were performed as before. The
number of GFP ⫹ cells per square millimeter was calculated for each
sample. Because GFP ⫹ cells comprised only ⬃8% of total cells added,
the entire area of adherent cells was counted to avoid sampling error.
Measurements in each experiment were normalized to controls [n ⫽
4 experiments for interference RNA (RNAi); n ⫽ 3 experiments for
GPR56 reexpression; n ⫽ more than 3 slices per sample per experiment]. For all adhesion assays, data are expressed as mean ⫾ SEM and
were evaluated by one-way ANOVA and Bonferroni’s post hoc test
using Prism software (GraphPad). Differences among groups were
considered significant if p ⬍ 0.05.
Electroporation and organotypic cultures. Freshly dissected brains from
E18.5 embryos were embedded in 4% low-melt agarose and placed on
ice. Agarose blocks were trimmed to remove the forebrain, after which
the brains were cut in half midsagittally. DNA plasmids (⬃2 mg/ml) in
PBS containing 0.01% fast green as a tracer were injected into the small
space adjacent to the rostral cerebellum. The agarose was quickly
trimmed further, and the block was electroporated with a BTX electroporator using paddle-style electrodes. Two 5 ms square pulses of 100 –
120 V were used, similar to settings used for forebrain slice cultures
(Stühmer et al., 2002). After electroporation, hindbrains were cut into
300 – 400 m sagittal slices on a vibratome (Leica) or tissue chopper,
and slice cultures were prepared essentially as described previously
(Englund et al., 2006). Briefly, slices were placed on Millicell cell
culture inserts (Millipore Corporation) and grown at 37°C in DMEM
with 10% fetal bovine serum, L-glutamine, penicillin, and streptomycin. In some cases, serum-free Neurobasal media (Invitrogen) with
N2 and B27 supplements (Invitrogen) were used. Slices were kept in
culture for 24 – 48 h.
Behavioral assay. The rotating rod and balance beam tests of motor
coordination were performed essentially as described previously (Carter
et al., 1999). All behavioral tests and scoring were performed blind to
genotype. Briefly, for the rotarod test, the mice were trained at 8, 16, and
20 rpm on 3 consecutive days. At each session, mice were allowed to
acclimatize to the procedure room for 60 min. On subsequent days, they
were tested on an accelerating rotarod starting at 8 rpm and reaching 40
rpm at 1 rpm/s. The length of time to a maximum of 60 s that the mice
stayed on the rod were recorded and averaged over sessions. For the
balance beam test, mice were trained in three trials to walk on a wide (20
mm width ⫻ 1 m length) balance beam. All the mice traversed the wide
beam without making errors (foot slips). The mice were then trained on
a narrow (4 mm width ⫻ 1 m length) beam for three trials. At the end of
the training trials, no freezing behavior was observed, and the mice
would start to walk within 4 s of being placed on the beam. The mice were
then videotaped as they performed three test trials of three beam walks
each, for a total of nine walks per mouse. The three trials were performed
on separate days. Videotaped walks were scored for number of foot slips
(errors) and time to cross. Data are expressed as mean ⫾ SEM and were
evaluated by unpaired one-tailed Student’s t test. Differences among
genotypes were considered significant if p ⬍ 0.05.
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Results

Gpr56⫺/⫺ mice have morphological defects in the
rostral cerebellum
Gpr56⫺/⫺ mice were provided by Genentech and Lexicon Genetics. In these mice, exons 2 and 3 of Gpr56 have been eliminated,
resulting in deletion of the starting ATG and the consequent loss
of GPR56 expression as determined by reverse transcription-PCR
and Western blot (Li et al., 2008). Gpr56⫺/⫺ mice are born in
normal Mendelian ratios and are indistinguishable from wild
types in their gross behavior, including feeding, grooming, and
reproduction.
Because abnormalities of the cerebellum and pons have been
observed in humans carrying GPR56 mutations, we analyzed cerebellar and pontine morphology in Gpr56⫺/⫺ mice. Histological
analysis of adult mice showed that cerebellar morphology was
normal in heterozygotes but that the rostral part of the cerebellum, encompassing lobules I–V, was malformed in all homozygotes (Fig. 1 A) (n ⫽ 14). The defects, which included fusion of
adjacent lobules, disruption of normal layering, and ectopic clusters of neurons, spanned the entire mediolateral axis of the rostral
cerebellum, including the vermis as well as cerebellar hemispheres (Fig. 1 A, bottom row). In the pons, the defect primarily
involved loss of neurons in the pontine gray nuclei (supplemental
Fig. S1, available at www.jneurosci.org as supplemental material).
To define the nature of the alterations that occur in the affected cerebellar lobules, we stained the tissue with markers for
granule cells (Zic), Purkinje cells (Calbindin), and Bergmann glia
and astrocytes (GLAST), as shown in Figure 1 B. In the adult,
within the affected lobules, the positioning of all these cell types is
disrupted in the absence of GPR56. Cell ectopias contained granule cells (Fig. 1 B, top middle, arrowheads) and Purkinje cells
(Fig. 1 B, top right, asterisk). Bergmann glia and their processes
appeared mislocalized and disorganized as well (Fig. 1 B, bottom
middle, arrowheads). Magnified views of Gpr56⫹/⫺ (Fig. 1C, left
column) and Gpr56⫺/⫺ (Fig. 1C, right column) cerebella illustrate the defects seen in the knock-out, including ectopic clusters
of granule cells (Fig. 1C, top right, arrowheads), disrupted Bergmann glial arborization (Fig. 1C, middle right, arrowheads), and
misoriented Purkinje cells (Fig. 1C, bottom right, asterisks). As
shown in Figure 1 D, the disorganization of the glial scaffold is
particularly clear using GFAP immunostaining: whereas Bergmann glial processes in Gpr56⫹/⫺ cerebella exhibit normal radial
morphology (arrows in left), these processes appear in clumps
and project in arbitrary directions (arrows in right) in the affected
regions of Gpr56⫺/⫺ cerebella.
Cerebellar defects in Gpr56 knock-outs originate perinatally
To determine the time at which the malformation arises, we examined Gpr56⫺/⫺ mice at younger ages (E12.5–E18.5). Even as
late as E18.5 (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material), Gpr56⫺/⫺ cerebellar
morphology appeared remarkably normal, with all observed cell
types and BM indistinguishable from heterozygotes. However, by
birth (P0.5), cerebella in Gpr56⫺/⫺ mice displayed obvious abnormalities in the rostral region. Nissl stain (Fig. 2 A) showed
defects in the organization of the rostral lobules, especially developing lobules I–III, in the Gpr56⫺/⫺ mice. Immunostaining for
GLAST and Zic demonstrated that Bergmann glia as well as granule cells were already affected at this stage. GLAST staining
showed that glial processes in the affected region were often misoriented and that the glia limitans formed by the Bergmann glial
end feet appeared ruptured in multiple locations (Fig. 2C, bottom, arrowheads), with glial processes often extending outside
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Figure 1. Rostral cerebellar defects in adult Gpr56⫺/⫺ mice. A, Top row, Midsagittal Nissl-stained sections of adult cerebella reveal a striking defect in the rostral cerebellar region (lobules I–V)
in Gpr56⫺/⫺ mice, including fusion of lobules I–III, whereas the caudal region appears normal. Heterozygous mice are unaffected. Bottom row, Horizontal sections illustrate that the defects in the
Gpr56⫺/⫺ cerebellum extend along the entire mediolateral axis. B, Top row, Low-magnification views of the most severely affected lobules (I–III) in the Gpr56⫺/⫺ adult cerebellum with staining
for cell nuclei (DAPI), granule cells (Zic), and Purkinje cells (Calbindin) show that layering of both neuronal types is disrupted in Gpr56⫺/⫺ mice. Immunostaining with Zic (arrowheads, middle) and
GABA receptor ␣6 (data not shown) indicates that most ectopic cells are differentiated granule cells, but ectopic Purkinje neurons are also seen (asterisk, right). Despite defects in overall cellular
architecture, the normal segregation between neuronal types is preserved, with ectopic granule cells and Purkinje cells showing little overlap (arrow, arrowheads, and asterisk in middle and right).
Bottom row, Immunostaining for the glial marker GLAST shows that the Bergmann glial scaffold is also severely disorganized in the mutant mice (arrowheads, middle). C, Magnified views of lobule
II from Gpr56⫹/⫺ (left column) and lobules I–III from Gpr56⫺/⫺ (right column) cerebella illustrate the multiple cell defects, including ectopic granule cell clusters (arrowheads in top right), Bergmann glial
arborization that terminates at the ectopias rather than at the pia (arrowheads in middle right), and misoriented Purkinje cells (asterisks in bottom right). D, Immunostaining for GFAP reveals the orderly radial
scaffold of Bergmann glial fibers (arrows in left) in lobule III of the Gpr56⫹/⫺ cerebellum. In contrast, in lobules I–III of the Gpr56⫺/⫺ cerebellum, the glial scaffold is severely disorganized, with clumps of
Bergmann glial processes extending in arbitrary directions (arrows in right). Scale bars: A, 500 m; B, top row, 200 m; B, bottom row, 250 m; C, 60 m; D, 80 m.

the cerebellum (Fig. 2C, bottom, asterisk). Zic-positive granule
cells were present in ectopic locations outside the disrupted pial
membrane (Fig. 2 D, bottom, arrows). Consistent with the alteration in the glia limitans, staining for laminin-1 indicated that the
BM lining the cerebellum was fragmented selectively in the affected lobules (Fig. 2 E, bottom). Similar results were obtained
with collagen IV staining (data not shown).
Because the phenotype was dramatic at P0.5, we hypothesized
that subtle defects could already be present at earlier ages. Therefore, we used electron microscopy to examine the pial BM and
external granule layer (EGL) at E18.5–E19.5. Most of the rostral
cerebellum in Gpr56 knock-outs appeared normal at these ages.
However, as shown in Figure 2 F, at E19.5, we observed some

focal ruptures of the BM (break in the dotted line), which were
associated with what appeared to be granule cell precursors migrating outward (arrowheads). At E18.5, we noticed a few instances of single granule cells that appeared to be breaching the
BM (data not shown). These results indicate that, at E18.5 to
P0.5, the interactions between granule cells and the BM are disrupted in the Gpr56⫺/⫺ rostral cerebellum.
Perinatally, GPR56 is expressed by developing granule cells in
the rostral cerebellum
To gain insight into why the defects in Gpr56⫺/⫺ mice are limited
to the rostral cerebellum, we examined the pattern of expression
of GPR56 in wild-type mice using in situ hybridization and im-

Koirala et al. • GPR56 in Cerebellar Development

J. Neurosci., June 10, 2009 • 29(23):7439 –7449 • 7443

Figure 2. Cerebellar defects in Gpr56 knock-outs originate perinatally and affect BM integrity. A, Nissl-stained midsagittal sections of Gpr56⫹/⫺ (top) and Gpr56⫺/⫺ (bottom) cerebella at P0.5
show defects in the rostral region in homozygotes, with lobules I–III most severely affected. B–E, Analysis of cerebellar lobules I–III of P0.5 Gpr56⫹/⫺ (top) and Gpr56⫺/⫺ (bottom) mice by
immunostaining. B, Nuclear staining (DAPI) shows that, whereas in heterozygotes the EGL is a continuous layer of cells (top, arrowhead), in homozygotes the EGL is interrupted (bottom, arrowhead),
and clusters of ectopic cells (bottom, arrows) are seen outside the EGL. C, Staining with the glial marker GLAST (red) shows that the glia limitans formed by Bergmann glia end feet (top, arrowheads)
is disrupted in the homozygote (bottom, arrowheads). Bergmann glial processes can also be seen aberrantly projecting outside the cerebellum (bottom, asterisk). D, Immunostaining for the granule
cell marker Zic (green) and GLAST (red) shows that the ectopic cells located outside the cerebellar wall are predominantly postmitotic granule cells (bottom, arrows). E, Immunostaining for laminin-1
(green), a major component of the pial BM overlying the cerebellum, shows that the BM is intact in heterozygotes (top) but severely fragmented in homozygotes (bottom). F, Electron microscopy
of lobules I–III in E19.5 cerebella shows the earliest detectable defects: whereasGpr56⫹/⫺ mice have a well organized EGL and intact cerebellar wall (dashed line in top), inGpr56⫺/⫺ cerebella, small ruptures
in the BM can be observed (interruption in dashed line, bottom) with putative granule cells (arrowheads) found outside the cerebellum. Scale bar: (in F) A, 250 m; B–E, 100 m; F, 15 m.

munocytochemistry (Fig. 3). At perinatal age, when the phenotype becomes evident, GPR56 expression is restricted to the rostral cerebellum (Fig. 3 A, B), in striking correspondence with the
region affected in Gpr56⫺/⫺ mice. These findings suggest that the
spatially restricted nature of the anatomical phenotype is a consequence of the restricted pattern of GPR56 expression. The findings also highlight the narrow time window in which GPR56
appears to be critical in the rostral cerebellum (between approximately E18.5 and P0.5) because defects are not observed before
E18.5 (supplemental Figs. S2, S3, available at www.jneurosci.org
as supplemental material), and all knock-outs exhibit defects by
P0.5. Moreover, despite the expansion of GPR56 expression to
the caudal cerebellum by P7 (Fig. 3E), the affected region remains
restricted to lobules I–V at all ages after P0.5, suggesting that
GPR56 is not required in the same manner after perinatal age.
In situ hybridization also showed that, at E19.5, Gpr56 mRNA
is restricted to the EGL of the rostral cerebellum (Fig. 3A, left and
middle). Gpr56 expression does not overlap with that of Blbp
(Fig. 3A, right), a glial marker, indicating that, at this age, Bergmann glia do not express Gpr56. Gpr56 mRNA is also absent in
meningeal cells (Fig. 3A, middle, arrowheads). Immunostaining
confirmed that GPR56 expression is restricted to the rostral EGL
in wild-type cerebellum at P0.5 (Fig. 3B) and not detected in
Bergmann glia or Purkinje cells (Fig. 3C). As expected, GPR56
immunostaining is absent in knock-outs (Fig. 3B). Unlike Math1,
which is specific to granule cell precursors in the outer EGL,
GPR56 is present throughout the width of the EGL (Fig. 3D).
These results collectively suggest that, perinatally, GPR56 func-

tion is specific to developing granule cells (precursors and young
postmitotic neurons) of the rostral cerebellum.
Importantly, although GPR56 is expressed in granule cell precursors in the rhombic lip and the developing cerebellar anlage at
earlier embryonic stages (E12.5 and E15.5 shown in supplemental Fig. S3A, available at www.jneurosci.org as supplemental material), we found no alteration in the granule cell precursor population or in cerebellar phenotype in Gpr56⫺/⫺ mice at these ages
(supplemental Fig. S3B, available at www.jneurosci.org as supplemental material; also data not shown). These results indicate
that GPR56 is dispensable for the initial generation and migration of granule cell precursors.
Absence of GPR56 causes loss of adhesion of rostrally derived
granule cells to BM molecules
Based on the observation that the cerebellar defects in knock-outs
are restricted to the region in which GPR56 is expressed perinatally and that GPR56 expression is specific to developing granule
cells, we hypothesized that this cell population could be specifically affected by perinatal loss of GPR56. The biological roles of
GPR56 are primarily unknown, but its sequence puts it within the
“adhesion” subfamily of GPCRs (Bjarnadóttir et al., 2007) and it
has been hypothesized to play a role in adhesion of cancer cells
(Shashidhar et al., 2005; Ke et al., 2007). Therefore, we used a well
characterized cell adhesion assay to test the attachment of freshly
dissociated granule cells to three major components of the pial
BM lining the cerebellum: laminin-1, fibronectin, and collagen
IV (Sievers et al., 1994b). We compared cells from rostral and
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Figure 3. GPR56 is expressed perinatally in developing granule cells of the rostral cerebellum. A, Left, In situ hybridization for Gpr56 in a midsagittal section of wild-type cerebellum shows that,
at E19.5, Gpr56 mRNA expression is restricted to the rostral region. Arrow marks area shown in middle. Middle, Magnified view of E19.5 lobules I–III shows that Gpr56 is expressed only in the EGL
and not in deeper layers or in the meninges (arrowheads). Right, In situ hybridization on an adjacent section with a Blbp probe, which labels Bergmann glia and astrocytes, underscores the
observation that Gpr56 is not detected in Bergmann glia at this age. B, Localization of GPR56 protein parallels mRNA expression and is predominantly in the rostral cerebellum at birth. There is no
expression in the Gpr56⫺/⫺ cerebellum. C, Magnified views demonstrate that GPR56 is in the EGL, consistent with expression in developing granule cells. Expression does not match the pattern seen
for processes or cell bodies of GLAST-labeled Bergmann glia (in red; arrowheads mark cell bodies) or Purkinje cells (in magenta; arrowheads mark cell bodies). D, GPR56 has broader expression across
the EGL than Math1, a marker of granule cell precursors, indicating that GPR56 is expressed by precursors as well as young postmitotic granule cells. E, In situ hybridization shows that, by P7, Gpr56
expression is essentially uniform throughout the cerebellum. Scale bar: (in E) A, left and right, 350 m; A, middle, 20 m; B, 300 m; C, D, 40 m; E, 450 m.

caudal cerebella of Gpr56⫹/⫺ and Gpr56⫺/⫺ mice to determine
whether any alteration in the knock-outs is specific to cells from
the rostral cerebellum. Rostrally and caudally derived granule
cells from Gpr56⫹/⫺ cerebella and caudally derived cells from
Gpr56⫺/⫺ cerebella adhered equally. In contrast, rostrally derived
granule cells from the knock-outs showed significantly reduced
adhesion to laminin-1 and fibronectin (Fig. 4). Adhesion to collagen IV was unaltered in the knock-out granule cells, suggesting
that GPR56 regulates adhesion to specific basal lamina substrates.
Importantly, rostrally derived glial cells showed no difference in
adhesion (Fig. 4), indicating that the defect in adhesion was specific to granule cells. Furthermore, granule cell proliferation in
vivo and migration and neurite outgrowth in vitro were indistinguishable between Gpr56⫹/⫺ and Gpr56⫺/⫺ granule cells from
the rostral cerebellum (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material), supporting the hypothesis that the critical defect in Gpr56⫺/⫺ cerebella is specifically in
granule cell adhesion.
RNAi-mediated knockdown of GPR56 recapitulates loss of
adhesion seen in Gpr56⫺/⫺ granule cells
To further examine the role of GPR56 in granule cell adhesion, we
tested the effects of gene knockdown using RNAi. Freshly dissected E18.5 Gpr56⫹/⫺ hindbrains were electroporated with an
shRNA construct that effectively knocks down GPR56 expression
(supplemental Fig. S5A, available at www.jneurosci.org as sup-

plemental material). As controls, other hindbrains were electroporated with either the vector alone or a plasmid expressing a
scrambled control shRNA. The vector also confers GFP expression to transfected cells. Tissues were then sliced sagittally, and
slices containing the cerebellum were maintained in culture for
48 h to allow for protein knockdown. This approach resulted in
robust and widespread transfection in the rostral cerebellum, as
shown by GFP expression (supplemental Fig. S5C, available at
www.jneurosci.org as supplemental material). The rostral cerebella were then isolated from the slices and subjected to gentle
dissociation, and granule cells were tested for adhesion to fibronectin or laminin-1. More than 95% of the electroporated
cells were granule cells (based on combined Math1 and Zic labeling; data not shown). Staining for GPR56 showed that the shRNA
effectively knocked down GPR56 protein levels in the transfected
cells (Fig. 5A, arrows). Whereas the vector alone and the scrambled shRNA construct did not alter cell adhesion, the Gpr56
shRNA significantly reduced the number of cells adhering to fibronectin or laminin-1 (Fig. 5B). Similar results were obtained
when tissues from wild-type mice were used (data not shown).
GPR56 reexpression in Gpr56⫺/⫺ granule cells rescues
adhesion to BM molecules
To further investigate the importance of GPR56 in granule cell
adhesion, we tested whether the adhesion defects observed in
Gpr56⫺/⫺ granule cells could be rescued by reexpression of the
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(supplemental Fig. S6, available at www.
jneurosci.org as supplemental material).
We also considered the alternative that
GPR56 could affect adhesion by regulating
expression of integrin receptors for
laminin-1 and fibronectin in the cerebellum. To test this possibility, we compared
the patterns and levels of expression of integrin subunits ␣3, ␣5, ␣6, ␣7, and ␤1 (the
latter being an obligatory component of
the main receptors for the three ECM molecules used in our study) in Gpr56⫹/⫺ and
Gpr56⫺/⫺ cerebella by immunostaining
and/or in situ hybridization. We found no
conclusive differences in integrin expression between Gpr56⫹/⫺ and Gpr56⫺/⫺ cerebella (data not shown), suggesting that
the loss of adhesion is not attributable to
altered levels of these integrin receptors.
Gpr56⫺/⫺ mice have motor
coordination deficits
In light of the cellular and anatomical defects in Gpr56⫺/⫺ mice and the prevalence
of ataxia in BFPP patients, we examined
motor function in Gpr56⫺/⫺ mice. These
mice did not exhibit obvious ataxia or gait
abnormalities during normal behavior.
Gpr56⫺/⫺ mice also performed equally as
well as heterozygotes on a rotarod test
Figure 4. Granule cells from the rostral region of Gpr56⫺/⫺ cerebella have defects in adhesion to fibronectin and laminin-1.
(data not shown) and on a wide (20 mm
Freshly dissociated cells from the rostral or caudal cerebellum of Gpr56⫹/⫺ or Gpr56⫺/⫺ brains were plated onto tissue culture
dishes coated with fibronectin, laminin-1, or collagen IV. After an incubation period, dishes were washed gently, cells were fixed width) balance beam (crossing time,
⫺/⫺
;
and stained, and the numbers of granule cells or glial cells remaining adherent were measured. A, Images from a fibronectin- 12.3 ⫾ 2.4 s and foot slips, 0 for Gpr56
⫹/⫺
⫺/⫺
crossing time, 11.6 ⫾ 1.8 s and foot slips, 0
coated dish showing adherent granule cells (red) and glia (green) derived from rostral cerebella of Gpr56
(left) and Gpr56
⫹/⫺
; n ⫽ 9 Gpr56⫺/⫺, 7
(right) mice. Data from caudal cerebella of both genotypes were similar to the left (data not shown). B–D, Quantification of the for Gpr56
⫹/⫺
adhesion assays on the three ECM substrates (*p ⬍ 0.05 for laminin-1; **p ⬍ 0.01 for fibronectin; ANOVA; n ⫽ 4 experiments; Gpr56
animals). However, when
total n ⫽ 15 Gpr56⫹/⫺ and 16 Gpr56⫺/⫺ animals).
placed on a more challenging narrow
beam (4 mm width), differences were
wild-type gene product. Tissues from Gpr56⫺/⫺ or wild-type
readily apparent: Gpr56 knock-outs exhibited almost threefold
mice were electroporated as described above with a plasmid enmore foot slips as heterozygotes and took twice as long to cross
coding full-length epitope-tagged (V5-His at the C terminus)
the beam (Fig. 6 A) (supplemental Movie 1, available at www.
mouse GPR56 and a plasmid encoding GFP. Twenty-four hours
jneurosci.org as supplemental material). Therefore, Gpr56⫺/⫺
mice have modest but significant motor impairment that does
later, cells from rostral cerebella were dissociated and subjected to
not affect normal locomotor behavior but becomes evident when
adhesion assays. Immunostaining of the cells with an antibody to
they are challenged. Interestingly, histological analysis of the mice
the V5 tag (Hearps et al., 2007) showed that ⬎97% of GFP ⫹ cells
expressed the GPR56 protein (Fig. 5C). Similar results were obthat had been subjected to the behavioral tests showed a clear
tained with a GPR56 antibody (data not shown). Therefore, we
correlation between the severity of the behavioral deficit and the
quantified the adhesion of GFP ⫹ cells to laminin-1 and fibronecextent of the cerebellar malformation (Fig. 6 B, C). As mentioned
tin and found that, whereas Gpr56⫺/⫺ granule cells from slice
above, Gpr56⫺/⫺ mice also have defects of the pons and, as described
cultures transfected only with GFP displayed loss of adhesion
previously, of the cerebral cortex (Li et al., 2008). However, unlike
similar to Gpr56⫺/⫺ cells freshly obtained from live animals, the
with the cerebellum, the extent of the defects in these brain regions
expression of full-length GPR56 rescued adhesion to levels simidid not correlate with the severity of the behavioral phenotype (data
lar to those observed in wild-type cells (Fig. 5D).
not shown). Moreover, there was no clear correlation between the
Together, these loss- and gain-of-function experiments in
severity of the histological defects in the pons and cerebellum (data
vitro demonstrate a critical role for GPR56 in granule cell adhenot shown), suggesting that the defects in the two areas arise indesion and indicate that the loss of adhesion in rostrally located
pendently. Taken as a whole, these results suggest that the rostral
granule cells of Gpr56⫺/⫺ mice is not simply a secondary consecerebellar defects are the primary cause of the motor deficit.
quence of the absence of GPR56 during development. Our study
Discussion
also suggests that GPR56 does not mediate cell adhesion through
The cerebellar phenotype of Gpr56⫺/⫺ mice provides new indirect binding to ECM molecules, because neither addition of
sights into the cellular roles of this orphan GPCR and potential
soluble GPR56 to the medium in the granule cell adhesion assay
mechanisms involved in the pathogenesis of BFPP. The pattern of
nor overexpression of full-length mouse GPR56 in a cell line
GPR56 expression together with the nature of the defects in
(HEK 293T) altered cell adhesion to laminin-1 and fibronectin
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Figure 5. Loss- and gain-of-function studies confirm the role of GPR56 in granule cell adhesion. A, B, RNAi expression decreases GPR56 protein in GFP-positive electroporated cells (A, arrows)
compared with surrounding cells without RNAi. Knockdown of GPR56 causes significant loss of adhesion to fibronectin and laminin-1 in granule cells derived from the rostral region of Gpr56⫹/⫺
organotypic cerebellar slices. C, D, Ex vivo electroporation of a tagged full-length GPR56 construct restores GPR56 expression in Gpr56⫺/⫺ granule cells, as visualized by immunostaining for the V5
tag (in red, arrows and arrowheads in C). EGFP is coelectroporated using a second plasmid, and occasionally a cell is seen with expression of V5 but not EGFP (arrowhead in C). Restoring GPR56
expression completely rescues the adhesion defect in Gpr56⫺/⫺ granule cells from the organotypic slices (*p ⬍ 0.05 in B, right; **p ⬍ 0.01 in B, left; *p ⬍ 0.05 in D; ANOVA; n ⫽ 4 experiments
for RNAi; n ⫽ 3 experiments for GPR56 reexpression; n ⫽ more than 3 slices per sample per experiment). Scale bar: (in C) A, C, 100 m.

Gpr56 knock-outs indicate that GPR56 plays a critical role in the
morphogenesis of the rostral cerebellum. Furthermore, GPR56
appears to perform this role by regulating adhesion of developing
granule cells to ECM components of the pial BM. Loss of GPR56
in cerebellar granule cells results in fragmentation of the BM and
disruption of Bergmann glial end feet. Because the cerebellum
and its BM appear normal before E18.5, GPR56 seems to be dispensable for the initial formation of the rostral cerebellum but
essential for its integrity during the perinatal period, when the
rostral EGL undergoes rapid expansion.
Previous studies haves shown that integrity of the pial BM and
glia limitans is critical for the morphogenesis of the cerebral and
cerebellar cortices (Graus-Porta et al., 2001; Halfter et al., 2002;
Moore et al., 2002; Beggs et al., 2003; Niewmierzycka et al., 2005;
Belvindrah et al., 2007; Hu et al., 2007; Voss et al., 2008). Our
results provide new appreciation of the potential role of neurons
in the preservation of the cerebellar BM, with several lines of
evidence suggesting that granule cells contribute to BM integrity
through GPR56. First, at the critical time period when the BM
defects arise in Gpr56 knock-outs, the only cells expressing
GPR56 are developing granule cells (Bergmann glial expression
appears later). Second, granule cells (but not glia) from the affected lobules in knock-outs show a specific loss of adhesion to
BM molecules but no defects in proliferation, migration, and

neurite outgrowth. Third, the loss of adhesion can be mimicked
by knockdown of GPR56 in granule cells.
Electron microscopy of the EGL has shown that, during perinatal age, the glia limitans overlying the cerebellum is not yet
continuous and that developing granule cells directly contact a
substantial portion of the pial BM in between the glial end feet
(Sievers et al., 1981). These direct contacts remain for some time
postnatally even as granule cells begin their inward migration
(Sievers et al., 1981; Hausmann and Sievers, 1985). The timing of
these events raises the intriguing possibility that these granule
cell–BM contacts may involve GPR56-mediated interactions.
The possibility that granule cell–BM interactions are mediated by
GPR56 is also supported by the observation that fluorescently
tagged soluble GPR56 N-terminal peptides bind to the cerebellar
BM and meninges (Li et al., 2008 and data not shown), suggesting
that these structures contain a GPR56 ligand.
Our findings establish that GPR56 plays a role in regulating
adhesion of cerebellar granule cells of the perinatal rostral cerebellum. Furthermore, based on our observations that exogenous
GPR56 peptides and GPR56 expression in heterologous cells do
not alter adhesion, GPR56 appears to contribute to cell adhesion
indirectly rather than by directly binding to laminin-1 or fibronectin. The molecular interactors of GPR56 that may mediate
its role in adhesion remain unknown. However, it is noteworthy
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Figure 6. Motor coordination deficits in Gpr56⫺/⫺ mice. A, Gpr56⫺/⫺ mice perform poorly
compared with heterozygotes when walking on a 4-mm-wide ⫻ 1-m-long balance beam,
displaying more foot slips (**p ⬍ 0.01) and taking longer to traverse it (*p ⬍ 0.05; n ⫽ 9
Gpr56⫺/⫺, 7 Gpr56⫹/⫺). Error bars represent ⫾ SEM. p values from unpaired one-tailed
Student’s t test. B, C, The severity of the cerebellar malformation correlates with the severity of
the motor impairment. B shows midsagittal sections of the cerebella of the Gpr56⫺/⫺ mice
that performed best and worst in the balance beam test. Scale bar, 750 m. The graph in C
shows the relationship between the anatomical and motor defects of the Gpr56⫺/⫺ mice (each
point represents a single Gpr56⫺/⫺ mouse that was tested in 3 trials, bars represent SEM).

that GPR56 associates with tetraspanins (Little et al., 2004),
which in turn interact with integrins and other ECM binding
proteins (Berditchevski and Odintsova, 1999; Yunta and Lazo,
2003), molecules known to contribute to the assembly, remodeling, and maintenance of BMs (Henry and Campbell, 1998;
Schwarzbauer, 1999). Thus, GPR56 may play a role in BM integrity by interacting with some of these surface receptors. Although
we have not found conclusive alterations in Gpr56⫺/⫺ cerebella in
the expression patterns of several key integrin subunits involved
in laminin-1 and fibronectin binding, we cannot rule out other
changes in integrins or the involvement of other adhesion molecules in the observed phenotypes.
The Gpr56⫺/⫺ phenotypes in the developing forebrain (Li et
al., 2008) and the rostral cerebellum share significant features,
including rupture of the pial BM, disorganization of the glial
scaffold, and abnormal neuronal positioning. Together, these observations indicate that a key role of GPR56 in the brain is to
maintain the integrity of the pial BM during expansion of the
underlying cell layers. However, the cell types expressing
GPR56 in the perinatal rostral cerebellum and embryonic cortex are different: developing neurons and radial glia, respectively. The distinctive role of granule cells in BM integrity may
reflect the uniquely close association of these cells with the pial
BM in the cerebellum.
Although ataxia is consistently observed in BFPP patients,
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little is known about the characteristics of their cerebellar defects
and the contribution of these to their motor symptoms. Our
findings suggest that, in mice, the motor deficits are caused primarily by cerebellar abnormalities rather than defects in sensory
or motor cortex or the pons and that the anterior cerebellum is
preferentially affected. Our findings may have relevance to other
human cerebellar malformations as well. For example, the defects
we describe are reminiscent of cerebellar polymicrogyria, including the presence of ectopic granule cells, fusion of adjacent folia,
misdirected Bergmann glial processes, and region-specific differences in severity (Aida et al., 1994; Demaerel et al., 1998; Patel and
Barkovich, 2002; Soto-Ares et al., 2002). It would be interesting to
examine whether GPR56 mutations or dysregulation play a role
in some forms of cerebellar polymicrogyria.
The phenotype of Gpr56⫺/⫺ mice sheds light on several key
processes during cerebellar development. First, in these mice,
many granule cells can be found in ectopic locations in the adult,
supporting other evidence that these neurons can survive and
mature without association with their normal neighboring cells
(Blaess et al., 2004; Kerjan et al., 2005). Second, the outward
migration of granule cells through breaches in the BM suggests
that chemoattractive signals that may exist in the cerebellar anlage to guide granule cell migration inward (Borghesani et al.,
2002) are in themselves insufficient to attract these cells in the
absence of a viable pial barrier or that GPR56 is required for
granule cells to respond to these signals. Third, our findings add
to evidence that, despite the relatively uniform cellular architecture of the cerebellar cortex, there are developmentally critical
molecular differences between regions, with some of these differences existing only transiently (Millen et al., 1995; Herrup and
Kuemerle, 1997).
Although a number of mutant mice with disrupted cerebellar
lamination and presence of ectopic neurons have been described,
the phenotype produced by GPR56 loss of function has distinctive features. For example, the cerebella of mice lacking the genes
for ␤1-integrin (Graus-Porta et al., 2001; Blaess et al., 2004),
dystroglycan (Moore et al., 2002), semaphorin-6A (Kerjan et al.,
2005), or integrin-linked kinase (Belvindrah et al., 2006) share
some key features in common with Gpr56⫺/⫺ cerebella, including
ruptures in the pial BM, disruptions of the glial scaffold, and
presence of ectopic granule cells. However, in these mice, the
defects occur throughout the cerebellum, whereas in Gpr56⫺/⫺
mice, the defects are rostral specific. Whether the expression of
any of these genes is affected only rostrally in the Gpr56⫺/⫺ cerebellum and could play a role in the Gpr56⫺/⫺ phenotype merits
additional study. There is a handful of mouse mutants in which
the affected region is primarily rostral, for example, rostral cerebellar mutant (rcm) (Ackerman et al., 1997; Eisenman and Brothers, 1998) and meander tail (mea) (Ross et al., 1990; Hawkes and
Eisenman, 1997). However, the loss of Gpr56 leads to a cerebellar
phenotype different from that of these mice. In the rcm mutant,
defects in guidance cause some granule cells to be misrouted to
the midbrain, whereas in Gpr56⫺/⫺ mice, the mislocalization of
granule cells is restricted to the cerebellum. Similarly, although
the affected region in mea and Gpr56 knock-out mice is similar,
the major defect in mea is the loss of rostrally located granule
cells, whereas granule cell proliferation and overall numbers are
unaffected in Gpr56⫺/⫺ mice.
The cerebellar phenotype in Gpr56⫺/⫺ mice is strikingly similar to those observed when the meninges overlying the cerebellum are ablated at birth using 6-hydroxydopamine (Sievers et al.,
1985, 1994a; von Knebel Doeberitz et al., 1986). This raises the
intriguing possibility that the meninges are necessary for GPR56
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function in rostral cerebellar development, potentially as a source
of the GPR56 ligand. The finding that a putative GPR56 ligand is
present in the meninges (Li et al., 2008 and data not shown) is
consistent with this hypothesis.
In summary, we show that the orphan GPCR, GPR56, plays a
novel role in regulating adhesion of developing neurons to BM
components and is essential for pial integrity and proper development of the rostral cerebellum. These observations point to
defects in cell adhesion as a potential mechanism underlying the
anatomical abnormalities in BFPP patients. Given the critical role
of GPR56 described here and its broad expression in neuronal
precursors in other brain regions, it is possible that GPR56 mutations or dysregulation could underlie other congenital brain
defects in addition to BFPP.
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