The Journal of Neuroscience, November 17, 2004 - 24(46):10343-10352 « 10343

Development/Plasticity/Repair

PHCCC, a Specific Enhancer of Type 4 Metabotropic
Glutamate Receptors, Reduces Proliferation and Promotes
Differentiation of Cerebellar Granule Cell Neuroprecursors
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Departments of "Human Physiology and Pharmacology and 2Experimental Medicine, University of Rome La Sapienza, 00185 Rome, Italy, 3Istituto
Neurologico Mediterraneo Neuromed, 86077 Pozzilli, Italy, and “Department of Hematology, Istituto Superiore di Sanita, 00185 Rome, Italy

Exposure of immature rat cerebellar granule cell cultures to the type 4 metabotropic glutamate (mGlu4) receptor enhancer N-phenyl-7-
(hydroxyimino)cyclopropa[b]chromen-1a-carboxamide (PHCCC) reduced [ *H]thymidine incorporation. Its action was sensitive to the
growth conditions and was attenuated by two mGlu4 receptor antagonists. An antiproliferative action of PHCCC was also seen in cultures
from wild-type, but not mGlu4, knock-out mice. At least in rat cultures, PHCCC was not neurotoxic and enhanced neuritogenesis.
Although PHCCC reduced the increase in cAMP formation and phospho-AKT levels induced by forskolin, none of these transduction
pathways significantly contributed to the reduction of [*H]thymidine incorporation. Interestingly, PHCCC reduced the expression of
Gli-1, a transcription factor that mediates the mitogenic action of Sonic hedgehog. Finally, we treated newborn rats with PHCCC either
intracerebrally (infusion of 5 nmol/2 ul in the cerebellar region once every other day) or systemically (5 mg/kg, i.p., once daily) from
postnatal days 3-9. Local infusion of PHCCC induced substantial changes in the morphology of the developing cerebellum. In contrast,
systemic injection of PHCCC induced only morphological abnormalities of the cerebellar lobule V, which became visible 11 d after the end
of the treatment. These data suggest that mGlu4 receptors are involved in the regulation of cerebellar development.
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Introduction

A major challenge in developmental neurobiology is the identifi-
cation of extracellular signals that regulate the proliferation of
neuroprogenitor cells and drive their differentiation into a spe-
cific neuronal phenotype. Glutamate reversibly decreases the
proliferation of neuroprogenitors in embryonic cortical explants
through the activation of AMPA/kainate receptors (Lo Turco et
al., 1995). In addition, NMDA receptor blockade increases the
density of proliferating granule cell precursors in the dentate gy-
rus (Gould et al., 1994; Cameron et al., 1995). Metabotropic glu-
tamate (mGlu) receptors are developmentally regulated (Nico-
letti et al., 1986; Dudek and Bear, 1989; Catania et al., 1994; van
den Pol et al., 1994; Kinzie et al., 1995; Valerio et al., 1997; Furuta
and Martin, 1999; Zirpel et al., 2000) and are involved in different
aspects of developmental plasticity (Huber et al., 1998, 2002; Flint
et al., 1999; Catania et al., 2001; Hannan et al., 2001). Heck et al.
(1997) have found that P19 embryocarcinoma cells constitutively
express mGlu2 and mGlu4 receptor subtypes, whereas all other
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subtypes (mGlul, -3, -5, -7, and -8 receptors) become expressed
when cells acquire a neuronal phenotype in response to retinoic
acid. The study of mGlu receptors is now facilitated by the avail-
ability of selective allosteric modulators, which amplify or de-
press receptor function independently of the concentrations of
ambient glutamate (for review, see Schoepp et al., 1999). Using
the selective mGlu4 receptor enhancer N-phenyl-7-(hydroxyi-
mino)cyclopropa[b]chromen-1la-carboxamide (PHCCC) (Maj
etal., 2003), we examined the role of mGlu4 receptors in the early
development of cerebellar granule cells. These cells originate
from granule neuroprecursors (GNPs) that extensively prolifer-
ate in the external granular layer of the cerebellar cortex during
the first 3 weeks of postnatal life (Altman and Bayer, 1996). Post-
mitotic GNPs migrate inward across the cerebellar cortex up to
the internal granular layer, where they differentiate into mature
granule cells. GNP proliferation is supported by a number of
factors secreted by neighbor cells, such as insulin-like growth
factor I (IGF-I), epidermal growth factor, and Sonic hedgehog
(SHH) (Ye et al., 1996; Schwartz et al., 1997; Dahmane and Ruiz-
i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999).
Gain-of-function mutations of the SHH pathway are associated
with high rates of medulloblastoma, a tumor that originates from
GNPs (Hahn et al., 1996; Provias and Becker, 1996). The specific
signals that stop GNP proliferation and drive their differentiation
into granule cells are not clearly identified, although pituitary
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adenylyl cyclase-activating peptide (PACAP) and proteins of the
extracellular matrix have been implicated (Pons et al., 2001;
Nicot et al., 2002). Glutamate is a potential candidate because it
can be released in the vicinity of the external granular layer by the
ascending axons of differentiated granule cells, as well as by resi-
dent glial cells. We now report that activation of mGlu4 receptors
reduces GNP proliferation and promotes early neuritogenesis in
culture; in addition, a postnatal treatment with PHCCC in rats
reduces the weight of the mature cerebellum and induces mor-
phological abnormalities of the central lobe.

Materials and Methods

Materials. Monoclonal anti-phospho-extracellular signal-regulated ki-
nase (ERK)1/ERK2 and polyclonal anti-phospho-AKT antibodies were
from Cell Signaling Technology; polyclonal anti-ERK1/ERK2 and poly-
clonal anti-Gli-1 antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA); monoclonal anti-B-actin antibody was from Sigma-Aldrich
(Milan, Italy); monoclonal anti-5-bromo-2'-deoxyuridine (BrdU) anti-
body was from Becton Dickinson (Mountain View, CA); and polyclonal
anti-mGluR4 was from Upstate Biotechnology (Lake Placid, NY). The
cytotoxicity detection kit [lactate dehydrogenase (LDH)] was from
Roche (Berlin, Germany); [*H]thymidine and the radioimmunoassay
kit for cAMP determination (RPA 509) were from Amersham (Little
Chalfont, UK).

Drugs. PHCCC, CPPG [(RS)-a-cyclopropyl-4-phosphonophenylgly-
cine], (RS)-a-methylserine-O-phosphate (MSOP), 1-(+)-2-amino-
4-phosphonobutyric acid (1-AP-4), (2S)-2-amino-2-[(1S,25)-2-
carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495),
7-(hydroxyimino)cyclopropa [b]chromen-1la-carboxylate ethyl ester
(CPCCOEY), 2-methyl-6-(phenylethynyl)pyridine (MPEP), and
a-methyl-4-phosphonophenylglycine (MPPG) were purchased from
Tocris Cookson (Bristol, UK). In cell culture experiments, PHCCC was
dissolved in DMSO. The final concentration of DMSO was 0.1%.
1R,4R,5S,6 R-2-Oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarbo-
xylate (LY379268) was kindly donated by Eli Lilly; forskolin, insulin and
8Br-cAMP were from Sigma-Aldrich; UO126 and LY294002 were pur-
chased from Promega (Milan, Italy).

Cell cultures. Primary cultures of cerebellar granule cells were prepared
from Sprague Dawley rats (Charles River, Calco, Italy), as described pre-
viously (Nicoletti et al., 1986), except that we used 5- to 6-d-old pups.
Cultures were purified by centrifugation on a Percoll (Sigma-Aldrich)
30—60% step gradient (Gao et al., 1991). Cells at the 30—60% interface
were collected and washed in PBS. Cells were plated on 35 mm dishes
precoated with 10 wg/ml poly-1-lysine (1 X 10° cells/well) in three dif-
ferent culture media: (1) basal Eagle’s medium (BME; Invitrogen, San
Diego, CA) containing 10% fetal calf serum (FCS) and 25 mm K *; (2)
BME without serum and K * supplementation; (3) BME with 10% FCS
but without K™ supplementation; and (4) a chemically defined medium
(CDM) composed of Neurobasal with N2 supplement, 1 mu™ piruvate, 2
mM glutamine, and 100 ug/ml bovine serum albumin (all from Invitro-
gen). Characterization of the cultures after 24 hr in vitro showed that
97 * 2.4% of the cells (three microscopic fields from three dishes) were
differentiated granule cells or granule cell precursors (with a typical
rounded and small cell body); <1% of glial fibrillary acidic protein
(GFAP)-positive or glutamate decarboxylase-65-positive cells were
present as contaminants. PC12 cells (a rat pheocromocytoma cell line)
were cultured in DMEM supplemented with 2 mum glutamine and 10%
FCS; U87MG cells, a continuous line of human glioma, were cultured in
DMEM-Glutamax plus 10% FCS. Human embryonic kidney (HEK) 293
cells were cultured in DMEM and transfected as described previously
(Tacovelli et al., 2004).

Preparation of cultured granule cells from wild-type and mGlud receptor
knock-out mice. Homozygous mGlu4-deficient mice were purchased
from The Jackson Laboratory (Bar Harbor, ME), and wild-type CD1
mice were purchased from Charles River. The genotype at the mGlu4
receptor locus was confirmed by Southern blotting, and multiplied
primer PCR was performed on tail biopsy samples [for a detailed descrip-
tion, see Pekhletski et al. (1996)]. Cultures were prepared from the cere-
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bellum of 5- to 6-d-old pups. Cells were grown for 1 d in BME in the
absence or presence of 10% FCS without any supplement of KCI. Cul-
tures were used exclusively for studies of [ *H]thymidine uptake.

[PH]thymidine uptake. Cerebellar granule cells were seeded in 6-well
plates at a density of 10° cells/well. The drugs were applied to the cells 40
min after plating, and the stimulation was continued for 17 hr. [ *H]thy-
midine (1 wCi/ml) was added for the last 15 hr. U87MG glioma cells were
seeded in 24-well plates at a density of 2.5 X 10* cells/well and serum
starved for 48 hr, and PC12 cells were seeded in 24-well plates at a density
of 3.5 X 107 cells/well and serum starved for 24 hr. Both U87MG and
PC12 cells were challenged with drugs and with 10% FCS or with 10
ng/ml epidermal growth factor (EGF) for 1618 hr, and [ *H]thymidine
(1 uCi/ml) was added for the last 15 hr. HEK 293 cells were serum starved
24 hr after transfection, for 16—18 hr. Cells were challenged with drugs
for 24 hr, and [ *H]thymidine (1 wCi/ml) was added for the last 15 hr. At
the end of the incubation, cells were washed extensively in ice-cold PBS
and incubated for at least 10 min with 0.5 M HCIO,. Cells were washed
twice with 0.5 M HCIO, and once with ethanol. The precipitates were
solubilized with 0.5 M NaOH, and aliquots from each sample were col-
lected for liquid scintillation counting.

BrdU staining in culture. BrdU was applied to cultures grown in serum-
free BME 1 hr after plating and maintained for the following 1620 hr.
Immunocytochemistry was performed using monoclonal BrdU antibod-
ies (1:20 dilution; Becton Dickinson) and anti-mouse biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame, CA). Staining was de-
veloped using 3,3’ -diaminobenzidine (ABC Elite kit; Vector Laboratories).

Transduction of rat cultured granule cells with lentiviral vectors. Gene
transfer was performed by using pRRLsin.cPPT.hCMV.GFP.Wpre and
pRRLsin.cPPT.hPGK.GFP.Wpre, new variants of third-generation len-
tiviral vectors described recently (Follenzi et al., 2000). To simulta-
neously transduce both the reporter and target gene, a new lentiviral
vector, Tween, was generated by engineering pRRLsin.cPPT.hCMV.GE-
P.Wpre. In this vector, the hCMV.GFP cassette was substituted with
hCMV.hPGK.GFP. A multiple cloning site was inserted downstream of
hCMYV (human cytomegalovirus). mGlu4 receptor cDNA was subcloned
in the Xbal site of the Tween vector. Lentiviral supernatants were pro-
duced by calcium phosphate transient cotransfection of a three-plasmid
expression system in HEK 293 cells. The calcium-phosphate DNA pre-
cipitate was removed after 14—16 hr by replacing the medium. The viral
supernatant was collected 48 hr after transfection, filtered through 0.45
pum pore nitrocellulose filters, and frozen in liquid nitrogen. Polybrene (4
pg/ml) was added to the viral supernatant to improve the infection effi-
ciency (Follenzi et al., 2000). On the same day of transfection, rat cere-
bellar granule cells were plated in BME containing 10% FCS and incu-
bated for 2 hr. Afterward, the medium was replaced with the viral
supernatants, and plates were centrifuged for 20 min at low speed and left
with the viral medium for 4 hr. Cells were then returned to their initial
conditioned medium and maintained in the incubator for additional 18 hr.

Measurement of neurite length. Bright-field images of neurons were
obtained using an IX 50 microscope (Olympus, Tokyo, Japan) in a
blinded manner. Digitized images were obtained using a SPOT-RT tele-
vision camera (sensor resolution, 1520 X 1080 pixels; CCD element,
7.4 X 7.4 um; Diagnostic Instruments, Sterling Heights, MI). All images
were acquired during one session, using the same brightness setting.
Neurites were measured in four random microscopic fields per dish.
Neurites were selected for measurement only when they had an obvious
attachment to the neuronal soma. If neurites forked, only the longest
branch was measured. Digitized images were calibrated with a commer-
cial calibration slide for a 20X objective, which allowed measurement of
neurites in millimeters.

TUJI staining. Cultures were fixed in 4% paraformaldehyde for 15
min. After blocking with 4% normal goat serum for 1 hr, incubation with
the primary antibody (monoclonal antibody against neuronal class III
B-tubulin; clone TUJ1; 1:100; Covance, San Diego, CA) was performed
overnight. Immunostaining was revealed by the avidin—biotin—peroxidase
method.

Assessment of cell toxicity. Apoptotic death in cultured cerebellar gran-
ule cells was measured as described previously (Melchiorri et al., 2001).
Cerebellar granule cells were cultured in 35 mm dishes, and chromatin
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Figure1. g, Immunoblots of mGlu4 receptors in rat cerebellar cultures plated in CDM (lane 1), BME (lane 2), and BME plus 10%
FCS (lane 3). The adult rat cerebellum (lane 4) is shown as a positive control. Inmunoreactive bands corresponding to monomeric
mGlu4 receptor are at ~100 kDa. These bands were absent in the cerebellum of mGlu4 knock-out mice (data not shown). b,
Concentration-dependent inhibition of [ *H]thymidine incorporation by PHCCC (24 hr of exposure) in cultures of rat cerebellar
granule cells. Values are means == SEM of six determinations from two independent experiments. ¢, PHCCC reduced the number
of BrdU * GNPs in rat cerebellar cultures. BrdU ™ cells were counted in four microscopic fields from 12 culture dishes from three
independent experiments by an observer who was unaware of the treatment. Values are means = SEM. p << 0.05 (1-way ANOVA
plus Fisher's PLSD) versus the corresponding values in the absence of PHCCC (*) or versus PHCCC alone (#).
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150 mm NaCl, 1% Triton X-100, 1 mm EDTA,
10% glycerol, 1 mm phenylmethylsulfonyl flu-
oride, 10 pg/ml leupeptin, 10 pwg/ml aprotinin,
1 mMm sodium orthovanadate, 50 mm sodium
fluoride, and 10 mm B-glycerophosphate).

For the detection of Gli-1 protein, granule
cells were suspended at a density of 2 X 10°
cells/ml into 2 ml of BME without serum and
incubated at 37°C for 30 min with PHCCC (30
M), forskolin (10 um), or a combination of
forskolin and PHCCC. Thereafter, cells were
lysed using the same lysis buffer described
above. All cell lysates were cleared by centrifu-
gation (10,000 X g for 10 min), and 80 ug of
proteins was separated by SDS-gel electro-
phoresis, blotted onto nitrocellulose, and
probed using different commercial antibodies.

Table 1. Influence of subtype-selective mGlu receptor ligands on [*H Jthymidine incorporation in immature

Membranes were saturated for 1 hr with Tris-
buffered saline (100 mm Tris and 0.9% NaCl)
containing 0.05% Tween 20, 1% bovine serum

cultured granule cells albumin, and 1% nonfat dry milk and then in-

[*H]thymidine incorporation (dpm/dish) X 103 cubated overnight with primary antibodies.

For the detection of mGlu4 receptors, we fol-

PHCCC lowed the same procedure as described previ-

None 3 um 30 um ously (Tacovelli et al., 2004). Antibodies were

Control 166+ 8 276+ 5 %+ ¢ used at the following dilutions: mclynocl.onal anti-

e Y g T 2qab phospho-ERK1/2 (1:1000; Cell Signaling Tech-

MSOP (200 ) 457 % 13 358 £ 14 mz 31” nology); polyclonal anti-phospho-AKT (1:500;

MSOP (1 mw) mxe ND b B3x 19a'b Cell Signaling Technology); polyclonal anti-Gli-1

MPPG (1 mw) 37532 31529 ’a 194 = 3‘?/ (1:200; Santa Cruz Biotechnology); polyclonal

MPEP (0.1 uu) 329 £ 25 250 = 14a 886 . anti-ERK1/2 (1:2000; Santa Cruz Biotechnology);

CPCCOE (10 am) 380 £ 26 261 £ 20 B 124 monoclonal anti-AKT (1:1000; Cell Signaling

LY367385 (10 um) 30 x7 ND 0 x 210 Technology); polyclonal anti-mGlu4 receptor (1:

LY379268 (0.1 pum) 390 =38 ND 9215 500; Upstate Biotechnology); monoclonal anti-
LY341495 (0.1 um) 360 = 15 276 + 22° 82 + 107

B-actin (1:2000; Sigma-Aldrich). The immuno-

Cultures were exposed to drugs for 24 hr. mGlu receptor ligands were applied 10 min before PHCCC. Values are means == SEM of six to nine determinations
from two to three independent experiments. p << 0.05 (1-way ANOVA plus Fisher’s PLSD) versus the respective values in the absence of PHCCC (None) (“) or

the respective control values (°). ND, Not determined.

Table 2. Inhibition of [ *H]thymidine incorporation in cultured cerebellar granule cells grown for 24 hr under

different conditions

reactive bands were visualized by enhanced
chemiluminescence using horseradish peroxidase-
linked secondary antibody.

cAMP assay. Cultured cerebellar granule
cells at 4 or 24 hr after plating were incubated
for 20 min in Krebs—Heinslet buffer or, alterna-

[*H]thymidine incorporation (dpm/dish) X 10>

tively, in their growing medium. Experiments

were always performed in the presence of 0.5

BME ?(';/‘l’/i EICUSS DM mM isobutylmethylxanthine. The reaction was

stopped by adding 1 vol of 0.8N HCIO,. The

Control 482 =18 864 £ 5 1324 =16  samples were kept frozen or used immediately.

PHCCC (30 um) 194 + 367 508 = 19° 416 = 16"  After neutralization with 2 M K,CO3, the intra-

Insulin (0.5 mg/ml) 756 = 4 1190 =7 1588 =73 cellular content of cAMP of each sample was

Insulin plus PHCCC 466 = 44°° 588 + 147 418 220" determined using a commercial radioimmuno-
SHH (2 pg/ml) 616 = 24 ND ND assay kit (Amersham, Milan, Italy).

SHH plus PHCCC 1823 ND ND Reverse transcription-PCR analysis. Reverse

Values are means of 9—12 determinations from three to four independent experiments. p << 0.05 (1-way ANOVA plus Fisher's PLSD) compared with the
corresponding values obtained in the absence of PHCCC (%) or with values obtained with PHCCC alone (°). ND, Not determined.

fragmentation and condensation, two hallmark features of apoptotic
death, were visualized by staining the cells with the fluorescent dye
Hoechst 33258 (0.4 pg/ml). Apoptotic neurons were scored from four
random fields per dish in at least four individual dishes for experimental
conditions. LDH release, an index of cell damage, was assessed using a
commercial kit (Roche). Absorbance data were read using a 96-well plate
reader with a 490 nm filter. Maximum release was obtained by incubating
the cells with 0.5% Triton X for 24 hr.

Western blot analysis. Western blot analysis was performed as de-
scribed previously (Iacovelli et al., 2002). Briefly, for the detection of the
phosphorylated forms of mitogen-activated protein kinase (MAPK) and
AKT, cerebellar granule cells seeded at a density of 2 X 10° cells/well were
serum starved for 1 hr and then challenged with drugs for 10 min at 37°C.
Reaction was stopped by washing twice with ice-cold PBS, and cells were
lysed for 10 min at 4°C in Triton X lysis buffer (10 mm Tris-HCI, pH 7.4,

transcription (RT)-PCR analysis in PC12 and
U87MG cells was performed as described pre-
viously (Tacovelli et al., 2002). Amplification of
mGlu4 receptor cDNA was performed using
the following primers: forward, CCAACGAGGATGACATCAGG; re-
verse, ACACAGGTCACGGTGCATGG. PCR products were analyzed
electrophoretically on a 2% agarose gel poured and run in 1X Tris-
acetate EDTA buffer.

In vivo experiments. Different groups of rats at postnatal day 3 (P3)
were treated with PHCCC (dissolved in a vehicle containing 0.6% 5N
NaOH and 1% DMSO and buffered with NaH,PO,) either systemically
(5 mg/kg, i.p.) or intracerebrally (5 nmol/2 ul/2 min; injected through
the scalp in the posterior region of the cerebellum, 2-3 mm posterior to
A, under conditions of deep hypothermia). Control animals received
injections of vehicle. Systemic injections were performed once per day,
whereas intracerebral injections were performed every other day up to
P9/10. On the seventh day of systemic injections, animals were divided
into two groups. One group received three injections of 20 mg/kg BrdU
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at 1.5 hr intervals and was killed the next day. The second group was
allowed to survive free of drugs up to P19 and thereafter injected with
BrdU on P20 and killed at P21. All rats given intracerebral injections were
killed at P10. Brains were dissected, and the cerebella were collected and
weighted. Soon after, cerebella were fixed in Carnoy solution for 16 hr at
4°C. On the following day, cerebella were treated with 70% ethanol so-
lution, included in paraffin, and processed for morphological and immu-
nohistochemical analysis using monoclonal BrdU antibody (1:20 dilu-
tion; Becton Dickinson). Nissl staining and calbindin immunostaining
was performed as described previously (Catania et al., 2001).

Results

We examined whether activation of mGlu4 receptors could in-
fluence the proliferation and differentiation of GNPs using puri-
fied cerebellar cultures prepared from 5- to 6-d-old rats, and
plated under different growing conditions. Cultures expressed
the mGlu4 receptor protein 24 hr after plating (Fig. 1a). Initial
experiments were performed in cultures plated in BME-lacking
serum. Extracellular glutamate concentrations were 2.15 = 0.32
uM (n = 5) 1 d after plating. These concentrations are sufficient
to activate mGlu4 receptors (Schoepp et al., 1999). The number
of BrdU * GNPs in control cultures ranged from 23 to 32% of the
total cell population, as assessed by immunocytochemistry. Con-
taminating astrocytes that might incorporate BrdU * were always
<1%, as detected by GFAP immunostaining (data not shown).
The group III mGlu receptor agonist L-AP-4 (30 um), applied
since the time of plating, induced only a slight reduction of
[’H]thymidine incorporation after 24 hr (310,000 plus 26,000
and 240,000 plus 18,000 dpm/well in control and L-AP-treated
cultures, respectively; n = 6; p < 0.05, Student’s ¢ test). Because
L-AP-4 is not subtype selective and competes with endogenous
glutamate at the receptor binding site, we decided to use the novel
compound PHCCC, which acts as a selective positive modulator
of mGlu4 receptors (Maj et al., 2003). PHCCC added to the cul-
tures substantially reduced [*>H]thymidine incorporation (Fig.
1b) and lowered the number of BrdU ™ cells (Fig. 1¢). PHCCC
acted in a concentration range similar to that reported for the
positive modulation of mGlu4 receptors (Maj et al., 2003), pro-
ducing a maximal inhibition of [ *H]thymidine incorporation at
10 uMm (Fig. 1b). The action of PHCCC was not enhanced by the
coapplication of L-AP-4 (data not shown), but it was attenuated,
albeit slightly, by the mGlu4 receptor antagonists MSOP and
MPPG (Table 1), suggesting that the drug maximally amplified
the stimulation of mGlu4 receptors by the endogenous gluta-
mate. Ligands of other mGlu receptor subtypes, including the
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b
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Figure 2. A 24 hr exposure to PHCCC was not toxic to cultured granule cells. Toxicity was

assessed by measuring LDH release (a) and Hoechst chromatin staining (b). Values are
means == SEM of six to nine determinations from two to three independent experiments.
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Table 3. Inhibition of [ *H]thymidine incorporation by PHCCCin cultured cerebellar
granule cells from wild-type and mGlu4—/— mice

[*H]thymidine incorporation (dpm/dish) < 103

Wild type mGlu4—/—
BME
Control 260 = 34 245+9
PHCCC(10 m) 174 + 7" (—33%) 224 =16 (—8%)
BME plus 10% FCS
Control 336 = 19 380 = 35
PHCCC (10 um) 210 = 12" (—37%) 392 = 15 (+3%)

Cells from wild-type or knock-out mice were plated at the same density (1.5 X 10° cells per 35 mm culture dish), and
cultures were exposed to PHCCC for 24 hr. Values are means = SEM of six determinations from two independent
experiments.

"p << 0.05 (Student's t test) versus the respective controls.
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Figure 3. g, RT-PCR analysis of mGlu4 receptor mRNA in PC12 and UB7MG cells; the rat
cerebellum is shown as a positive control. b, Effect of a 24 hr exposure to PHCCC on [ *H]thymi-
dineincorporationin PC12 cells. Values are means = SEM of 12—15 determinations from four to
five independent experiments. *p << 0.05 (Student’s ¢ test) compared with control (CNT) cul-
tures. c, Effect of a 24 hr exposure to PHCCC on [ *H]thymidine incorporation in cultured US7MG
cells. Values are means + SEM of six determinations from two independent experiments. d,
Immunoblot of mGlu4 receptors in cultured HEK 293 cells transfected with the empty vector
(mock) or with mGlu4 receptor cDNA. e, Effect of a 24 hr exposure to PHCCC on [ *H]thymidine
incorporation in mock or mGlu4 receptor expressing HEK 293 cells. Values are means -+ SEM of
six determinations from two independent experiments. *p << 0.05 (Student’s ¢ test) compared
with control (Ctrl) cultures.

mGlul receptor antagonist CPCCOEt (10 uM; a restricted struc-
tural analog of PHCCC), the mGlu5 receptor antagonist MPEP
(1 uMm), the mGlu2/3 receptor agonist LY379268 (100 nMm), and
the mGlu2/3 receptor antagonist LY341495 (100 nMm), had no
effect per se and did not affect the reduction of [3H]thymidine
incorporation induced by PHCCC in immature cultured granule
cells (Table 1). The efficacy of PHCCC in reducing [ *H]thymi-
dine incorporation varied in relation to the growth conditions. In
control cultures and in cultures stimulated with insulin, PHCCC
was more efficacious when cells were plated in CDM than in BME
(with or without serum). In addition, when BME was used as a
growing medium, PHCCC reduced [ *H]thymidine incorpora-
tion to a much greater extent in cultures stimulated with SHH
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control cultures and cultures treated with 30 pm PHCCC are shown in @ and b. The number of neurites of different length per
microscopic field in control cultures and in cultures treated with PHCCC or -AP-4 (both at 30 m) is reported in ¢; the number of
treated cells bearing neurites of different length is shown in d. Values are means == SEM of six determinations from two indepen-
dent experiment. Each value is the mean of determinations obtained from four microscopic fields/dish by an observer who was
unaware of the treatment. *p << 0.05 (1-way ANOVA plus Fisher's PLSD) versus the respective controls. Scale bar, 20 m.

than in cultures stimulated with insulin (Table 2). Interestingly,
insulin was still able to stimulate [ *H]thymidine incorporation in
PHCCC-treated cultures grown in BME alone (compare PHCCC
with insulin plus PHCCC in Table 2 and in Fig. 1c for BrdU™
staining), but not in cultures grown in BME plus 10% FCS or in
CDM (Table 2). The lowering effect of PHCCC on [’ H]thymi-
dine incorporation was not a consequence of cell toxicity because
no increases in LDH release or in the number of cells harboring
chromatin fragmentation or nuclear pyknosis were detected in
serum-free cultures exposed to 30 um PHCCC for 24 hr (Fig. 2).
The lack of toxicity was confirmed in cultures grown in BME with
10% FCS and exposed to PHCCC for 48 hr (percentage of apo-
ptotic neurons, 15 = 3.5 and 12 = 2.9 in control cultures and in
cultures exposed to 30 uM PHCCC, respectively; Hoechst 33258
staining, n = 5). To examine whether activation of mGlu4 recep-
tors was critical for the antiproliferative effect of PHCCC, we
studied [’H]thymidine incorporation in cultured granule cells
prepared from wild-type or mGlu4 receptor knock-out mice. The
percentage of BrdU * cells (counted after 24 hr) was 18 + 4.1 and
22 * 5.6 in cultures prepared from wild-type and mGlu4—/—
mice, respectively (n = 4). Exposure to saturating concentrations
of PHCCC (10 uM) reduced [*H]thymidine incorporation in
wild-type cultures to an extent similar to that observed in rat
cultures. In contrast, PHCCC was virtually inactive in
mGlu4—/— cultures (Table 3). We also examined the effect of
PHCCC on [*H]thymidine incorporation in other cell types that

I PHCCC 30 uM
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do not express detectable amounts of
mGlu4 receptors (Fig. 3a). Cultured un-
differentiated PC12 cells were starved for
24 hr and then treated with DMEM alone,
DMEM containing 10 ng/ml EGF, or
DMEM containing 10% FCS. A 24 hr ex-
posure to PHCCC (30 uM) had no affect
in cultures stimulated with 10% FCS but
induced a slight (but significant) reduc-
tion in [’H]thymidine incorporation in
unstimulated cells or in cells treated with
EGF (Fig. 3b). PHCCC did not affect pro-
liferation of U87MG glioma cells (starved
for 48 hr and then incubated for 24 hr with
30 uM PHCCC applied alone or combined
with 10% FCS) (Fig. 3¢). We extended the
study to HEK 293 cells transiently trans-
fected with mGlu4 receptor cDNA. In cells
transfected with an empty vector (mock),
which did not express a detectable amount
of the mGlu4 receptor protein (Fig. 3d),
PHCCC (30 uMm) reduced [ *H]thymidine
incorporation by ~32% (Fig. 3e). How-
ever, in cells expressing mGlu4 receptors,
PHCCC showed a much greater efficacy,
reducing [*H]thymidine incorporation
by >85% (Fig. 3e).

We performed a microscopic analysis
of cultured granule cells to examine
whether cell cycle inhibition was associ-
ated with changes in cell differentiation
and neuritogenesis after a 24 hr exposure
to PHCCC. Drug treatment increased the
total number of neurites with a length
<8.24 um as well as the number of cells
bearing small neurites. PHCCC did not af-
fect the number of longer neurites. L-AP-4
had virtually no effect on neurite length (Fig. 4a—d). The differ-
entiating effect of PHCCC was confirmed by a microscopic anal-
ysis of cells expressing the specific neuronal marker TUJ1. A 24 hr
exposure to 30 uM PHCCC increased the percentage of TUJ1-
expressing cells in cultures grown in BME (Fig. 5a—c). To assess
the role of mGlu4 receptors on neuritogenesis more directly, we
infected the cultures with a lentiviral vector encoding both the
mGlu4 receptors and green fluorescent protein (GFP). This par-
ticular experiment was performed in cultures grown in BME con-
taining 10% FCS. Approximately 15-20% of cells were infected,
as shown by GFP staining (Fig. 6a). Infected cultures overex-
pressed the mGlu4 receptor protein, as shown by the representa-
tive immunoblot in Figure 6b. The number of neurites was sub-
stantially enhanced in cultures overexpressing mGlu4 receptors
(Fig. 6¢c—e).

Searching for a transduction pathway that could mediate the
biological effects of PHCCC on GNPs, we first focused on the
inhibition of adenylyl cyclase, which is the canonical pathway
associated with mGlu4 receptor activation. PHCCC significantly
reduced the increase in cAMP formation induced by forskolin
both in cells stimulated in their growing medium and in cells
incubated in Krebs—Henseleit buffer (Fig. 74 and data not
shown). This is similar to what was reported in recombinant cells
expressing mGlu4 receptors (Maj et al., 2003). PHCCC had no
effect on basal cCAMP formation under any experimental condi-
tions at both 4 and 24 hr after plating (Fig. 7a and data not

— Control
I PHCCC 30 uM
L-AP-4 30 uM

7
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shown). A 24 hr exposure to forskolin (10
uM) slightly attenuated the lowering effect
of PHCCC on [*H]|thymidine incorpora-
tion in cultured granule cells, although the
cell permeant cAMP analog 8Br-cAMP (1
mM) was inactive (Table 4). This suggests
that inhibition of cAMP formation plays a
minor role, if any, in the antiproliferative
effect of PHCCC (Table 4). We extended
the analysis to other pathways or factors
that are known to regulate cell prolifera-
tion, including the MAPK pathway, the
phosphatidylinositol-3-kinase  (PI-3-K)
pathway, and the transcription factor
Gli-1. As expected, insulin activated both
the MAPK and the PI-3-K pathways, as
shown by an increase in the levels of phos-

(anudas et al. « mGlu4 Receptors and Granule Cell Development

TUJ1 positive cells
(% of total)
3

CNT PHCCC

Figure 5.
and b. Control cultures are shown in g, and cultures treated with 30 v PHCCCfor 24 hrare shownin b. In ¢, TUJ1-positive cells were
counted from five randomly selected microscopic fields per dish by an observer who was unaware of the treatment. Values
(means = SEM) were calculated from six culture dishes per group. *p << 0.05 (Student’s ¢ test) compared with control cultures.
Scale bar, 50 um. The total cell number in five microscopic fields was 510 + 36 and 465 + 21 (n = 6 culture dishes) in control and
PHCCC-treated cultures, respectively. The total number of TUJ1-positive cells was 270 + 18 and 339 + 22 in control and
PHCCC-treated cultures, respectively.

Photomicrographs of cultured granule cells plated in BME and stained for the neuronal marker TUJ1 are shown in a

phorylated ERK1/2 and phosphorylated
AKT, respectively (Fig. 7b,c). PHCCC (30
uM) did not affect the basal- and insulin-
stimulated activity of both pathways but
reduced the slight increase in phosphory-
lated AKT induced by forskolin (Fig. 7b).
We also examined the action of PHCCC in
the presence of LY294002 (10 um), which
mostly reduced insulin-stimulated PI-3-K
activation (Fig. 1), and UO126 (10 um),
which slightly reduced basal phospho-
ERK1/2 levels and more substantially re-
duced activation of the MAPK pathway by
insulin (Fig. 7c¢) A 24 hr exposure to
UO126 produced only a small reduction
in [*H]thymidine incorporation in cul-
tured granule cells, whereas larger reduc-
tions were produced by LY294002. Inhibi-
tion of [*H]thymidine incorporation by
PHCCC was still substantial in the pres-
ence of LY294002 or UO126 (Table 4),
suggesting (but not proving) that the

MAPK and PI-3-K pathways are not criti-  Figyre 6.

a GFP b

mock mGlu4

MGIu4 == - —100kDa

Enhanced neuritogenesis in cultures infected with a lentiviral vector encoding the mGlu4 receptor. Infection was

cal for the antiproliferative action of PH-
CCC. We also examined the expression of
the full-length variant of the transcription
factor Gli-1, which is known to mediate
the mitogenic effects of SHH on granule
cell precursors. A 30 min exposure to PH-

performed in cultured granule cells plated in BME containing 10% FCS, as reported in Materials and Methods. GFP immunofluo-
rescent staining is shown in g; a representative immunoblot of mGlu4 receptor protein in cultures infected with the empty viral
vector (mock) or with the vector encoding the mGlu4 receptor is shown in b. TUJTimmunostaining of control (CNT) cultures, mock
cultures, and cultures overexpressing the mGlu4 receptor is shown in c—e, respectively. The total number of cells in five micro-
scopic fields was 630 + 93, 665 + 38, and 530 + 42 in control, mock, and mGlu4-overexpressing cultures, respectively (n = 4
culture dishes per group). Picnotic cells were more numerous in mGlu4-overexpressing cultures (24 + 5%vs 11 + 4and 13 + 6

CCC decreased the levels of full-length
Gli-1 (Fig. 7d), suggesting a potential in-
teraction between mGlu4 receptors and
the SHH—Patched—Smoothened pathway.

We also performed in vivo experiments in which PHCCC was
injected either intraperitoneally (5 mg/kg/d) or intracerebrally (5
nmol/2 wl infused for 2 min in the cerebellar region every other
day) to pups from P3 to P9. In animals infused with PHCCC in
the cerebellar region (all examined at P10), the treatment in-
duced substantial changes in the morphology of the developing
cerebellum. Nissl staining showed a marked cell reduction in the
internal granular layer (Fig. 8a,b), and calbindin immunostain-
ing showed abnormalities in the dendritic tree of Purkinje cells
(Fig. 8¢,d). Animals at P10 treated intraperitoneally with PHCCC
did not show substantial changes in the morphology of the devel-
oping cerebellum and in the number of BrdU * cells counted in
the molecular/Purkinje cell and internal granular layers of the

in control and mock cultures, respectively) and were not included in the cell count.

cerebellar cortex (data not shown). The thickness of the exter-
nal granular layer was also similar between controls and
PHCCC-treated rats (BrdU ™ cells in this layer were too tightly
packed to be counted reliably). However, 11 d after the end of
the treatment (i.e., at P21), the weight of the cerebellum was
consistently lower (—27%) in rats treated intraperitoneally
with PHCCC (Table 5). Although no changes in the gross
anatomy of the cerebellum were present, we noted abnormal-
ities in the morphology of lobule V in four of the six animals
treated with PHCCC. In these animals, we did not observe the
typical projections of the internal granular layer present in the
mature lobule V of all control animals (Fig. 9), suggesting a
diminished development of this layer.
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Figure7. a,PHCCCreduces forskolin-stimulated cAMP formation in cultured granule cells. The Figure refers to data obtained in
cultures incubated in Krebs—Henseleit buffer. Similar results were obtained in cultures incubated in their growing medium (BME
alone) both at 4 and 24 hr after plating (data not shown). Under no conditions was PHCCC able to reduce basal cAMP formation.
CNT, Control; PHCCC, 30 um; forskolin, 10 wum; values are means == SEM of six determinations. *p << 0.05 (1-way ANOVA plus
Fisher's PLSD) versus forskolin alone. b, Western blot analysis of phosphorylated AKT in cultures plated in BME alone and treated
for 10 min with the indicated drugs. CNT, Control; forskolin (10 wum); insulin (0.5 mg/ml); LY294002 (10 M) was applied 30 min
before insulin. Densitometric analysis of values obtained with forskolin alone and forskolin plus PHCCC (n = 4) are also shown.
Values (normalized by the expression of nonphosphorylated AKT) are means == SEM. *p << 0.05 (Student’s ¢ test) versus forskolin
alone. Representative immunoblots of phosphorylated and nonphosphorylated ERK1/2 in cultures challenged with the indicated
drugs are shown in ¢. Incubation times and concentrations are the same as in b. U0, U0126 (10 rum). Note that PHCCC was unable
to affect the MAPK pathway and that U0126 slightly reduced the basal levels of phosphorylated ERK1/2 and more substantially
reduced the activation of the MAPK pathway by insulin. Blots were repeated three times with similar results. Expression of the
transcription factor Gli-11in granule cells treated with PHCCC (30 ) for 30 min is shown in d. CNT, Control. A reduced expression
of Gli-1 was consistently seen in four additional samples per group.
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Discussion

The process of granule cell differentiation
undergoes a finely tuned regulation,
which is essential for the proper matching
and synapse formation among neurons of
the cerebellar cortex. GNPs proliferate in
the external granular layer in response to
a variety of signals, including IGF-I
(DiCicco-Bloom and Black, 1989; Gao et
al,, 1991; Ye et al,, 1996; Lin and Bulleit,
1997) and SHH (Altman and Bayer, 1996;
Dahmane and Ruiz-i-Altaba, 1999; Wal-
lace, 1999; Wechsler-Reya and Scott,
1999). The signals that arrest GNP prolif-
eration and promote their differentiation
into granule cells are only partially identi-
fied. PACAP, a neuropeptide produced by
Purkinje cells (Nielsen et al., 1998; Sko-
glosa et al., 1999), potently inhibits GNP
proliferation induced by SHH but slightly
increases DNA synthesis when applied
alone or in the presence of insulin (Nicot
et al., 2002). Our results show that an am-
plified activity of mGlu4 receptors inhibits
DNA synthesis in GNP-containing cul-
tures. The study of glutamate receptors in
these cultures is biased by the presence of
endogenous glutamate, which masks the
effects of exogenous receptor agonists.
This may explain why we found only small
effects with L-AP-4, a prototypic mGlu4
receptor agonist that competes with gluta-
mate at the receptor binding site (for re-
view, see Schoepp et al., 1999). We could
explore receptor function using PHCCC,
a selective mGlu4 receptor enhancer,
which interacts with an allosteric site lo-
cated in the 7-TM region of the receptor
(Maj et al., 2003). PHCCC selectively am-
plifies mGlu4 receptor activity in the con-
centration range used in our experiments
(Maj et al., 2003), but it can recruit mGlul
receptors at higher concentrations. At 30
uM, PHCCC reduces mGlul receptor ac-
tivity by ~30% (Annoura et al., 1996). A
role for mGlul receptors in the antiprolif-
erative effect of PHCCC was excluded by
the inactivity of CPCCOEt and by the low
levels of expression of mGlul receptors in
the early stages of granule cell develop-
ment (Copani et al., 1998). The action of
PHCCC was attenuated by the group III
mGlu receptor antagonists MSOP and
MPPG, which also induced a slight in-
crease in DNA synthesis when applied
alone. Hence, PHCCC might inhibit GNP
proliferation by amplifying the endoge-
nous activation of mGlu4 receptors. PH-
CCC inhibited [ *H]thymidine incorpora-
tion to an unusually high extent (up to
80% in some experiments), and its efficacy
varied in relation to the growing condi-
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Table 4. Inhibition of [ *H]thymidine incorporation by PHCCCin cultured cerebellar
granule cells treated with forskolin and with specific inhibitors of PI-3-K and MAPK

[*H]thymidine incorporation
(dpm/dish) X 103

Control 504 = 34
PHCCC (30 um) 14 =57
Forskolin (10 um) 525 =18
Forskolin plus PHCCC 278 + 16
8Br-cAMP (1 mwm) 489 =+ 28
8Br-cAMP plus PHCCC 120 = 15°
1Y294002 (10 pum) 286 + 247
LY294002 plus forskolin 376 = 23°
1Y294002 plus PHCCC 82 + 3%¢
U0126 (10 um) 436 + 28°
U0126 plus forskolin 27+ 9
U0126 plus PHCCC 100 = 6°¢

Cultures were exposed to drugs for 24 hr. Values are means = SEM of nine d ions from three independ
experiments. p << 0.05 (1-way ANOVA plus Fisher's PLSD) versus control (), PHCCCalone (), or LY294002 or U126
alone (9.

tions. Reduction of [*H]thymidine incorporation was greater in
the presence of SHH than in the presence of insulin. This is in line
with the ability of PHCCC to reduce the expression of Gli-1 with-
out inhibiting insulin signaling (see below). Insulin was still able
to enhance GNP proliferation in PHCCC-treated cultures plated
in BME alone, but not in those plated with serum or in CDM.
This suggests that the interaction between mGlu4 receptors and
insulin signaling is context dependent, although the interpreta-
tion of these results is biased by the presence of insulin in CDM
and IGFs in serum, which might have desensitized insulin recep-
tors during the initial drug-free period (40 min) after plating.
PHCCC was not toxic to granule cells in culture, as assessed by
LDH release or fluorescent chromatin
staining. [t was critical to determine whether
PHCCC acted exclusively through the
mGlu4 receptors or could have an antim-
itotic activity by itself. We addressed this
issue by testing the drug in cells that did
not express mGlu4 receptors. We found
that PHCCC slightly reduced [ *H]thymi-
dine incorporation in PCI2 cells incu-
bated without serum and in mock HEK
293 cells. However, this reduction was
smaller than that observed in cultured
granule cells. Remarkably, reduction of
[’H]thymidine incorporation by PHCCC
was much greater in HEK 293 cells ex-
pressing mGlu4 receptors. A role for
mGlu4 receptors was strengthened by the
lack of activity of PHCCC in cultures from
mGlu4 knock-out mice. It is reasonable to
conclude that a small component of the
antiproliferative activity of PHCCC is me-
diated by an intrinsic mechanism that is
cell and context specific, whereas a large
component is mediated by the activation
of mGlu4 receptors. We attempted to ex-
plore the signaling pathway activated by
PHCCC in cultured granule cells. Recom-
binantly expressed mGlu4 receptors are
negatively coupled with adenylyl cyclase
activity (for review, see De Blasi et al.,
2001). In mature cultured granule cells,

Figure 8.
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activation of mGlu4 receptors stimulates both the MAPK and the
PI-3-K pathways and promotes cell survival through these mech-
anisms (D’Mello et al., 1993; Iacovelli et al., 2002). In our imma-
ture cultures, PHCCC inhibited forskolin-stimulated cAMP for-
mation, and forskolin slightly attenuated the antiproliferative
action of the drug. However, it is noteworthy that we could never
detect an inhibition of basal cAMP formation by PHCCC and
that a metabolically stable cAMP analog was inactive when com-
bined with PHCCC. In addition, agents that stimulate cAMP
formation are known to reduce GNP proliferation, and PACAP
inhibits the mitogenic activity of SHH through the cAMP—pro-
tein kinase A pathway (Nicot et al., 2002). Thus, we conclude that
enhancing mGlu4 receptor activation with PHCCC reduces the
evoked adenylyl cyclase activity in cultured granule cells, but this
effect has a small impact (if any) on GNP proliferation. Treat-
ment with PHCCC did not reduce the strong stimulation of the
MAPK and the PI-3-K pathways induced by insulin, and PHCCC
still inhibited cell proliferation in the presence of the MAPK in-
hibitor UO126 and the PI-3-K inhibitor LY294002. We only
found that PHCCC inhibited the small stimulation of the PI-3-K
pathway induced by forskolin, but this effect cannot be related to
the antiproliferative activity of PHCCC because forskolin alone
did not enhance [ *H]thymidine incorporation. Although these
findings do not support a role for the MAPK and PI-3-K path-
ways in the action of PHCCC, we cannot exclude an involvement
of these pathways because the effect of the two inhibitors on basal
MAPK and PI-3-K activity could not be detected reliably because
of the low sensitivity of the Western blot analysis of phosphory-
lated ERK1/2 and phosphorylated Akt. Thus, additional studies
are needed to discover a role of the MAPK and the PI-3-K path-
ways in the action of PHCCC. An unexpected finding was that a
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Nissl staining (a, b) and calbindin immunostaining (¢, d) of comparable cerebellar sections from rats treated intra-
cerebrally with vehicle or with PHCCC (5 nmol/2 /2 min infused into the cerebellar region every other day from P3 to P9). Animals
were killed at P10. Note the cell reduction in the internal granular layer in the representative cerebellar section of a PHCCC-treated
animal ( b). The same animal shows Purkinje cells with a dystrophic dendritic tree, as revealed by the calbindin immunostaining in
d. These morphological abnormalities were observed in all PHCCC-treated animals.
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Table 5. Wet weight of the cerebellum in P21 rats treated with saline or PHCCC (5
mg/kg, i.p.) from P3 to P9

Weight of cerebellum (percentage of body weight)

Saline 1.14 + 0.08
PHCCC 0.83 = 0.09*

Values are means = SEM of six determinations. *p << 0.05 (Student’s  test).

ctrl i i & | PHC.G.G ;

Figure 9.

short treatment with PHCCC reduced the levels of Gli-1, a tran-
scription factor that lies downstream of the Patched—Smooth-
ened receptor complex within the SHH pathway (Lee et al., 1994;
Hynes et al., 1997; Ruiz-i-Altaba, 1998). This finding is highly
relevant because expression of Gli-1 supports cell proliferation in
many cell types. It will be interesting to explore whether mGlu4
receptors interact with the SHH pathway, which promotes
GNP proliferation during cerebellar development (Dahmane
and Ruiz-i-Altaba, 1999; Wallace 1999; Wechsler-Reya and
Scott, 1999).

Based on these in vitro findings, we predicted that treatment
with PHCCC could substantially affect cerebellar development in
living animals. The most striking effect was seen in pups infused
with PHCCC in the cerebellar region, which showed a substantial
reduction in the size of the internal cerebellar granular layer and
an impaired development of the dendritic tree of Purkinje cells,
which may result from a deficient innervation by parallel fibers.
Pups injected systemically with PHCCC (from P3 to P9) did not
show apparent abnormalities in cerebellar development at the
end of the treatment, perhaps because of a limited central bio-
availability of the compound. However, 10 d later (i.e., at P21),
rats treated with PHCCC showed a lower weight of the cerebel-
lum and morphological abnormalities in lobule V of the central
lobe, a region that develops at later times with respect to the
anterior and posterior lobes. Interestingly, a similar lobule-
dependent effect was found by Katoh-Semba et al. (2002) after
intracerebroventricular injection of anti-neurotrophin-3 anti-
bodies, suggesting that central lobules are particularly sensitive to
agents that affect cerebellar development. Taken together, these
data are consistent with the hypothesis that activation of mGlu4
receptors negatively modulates GNP proliferation.

Repeated systemic injections of PHCCC (5 mg/kg, i.p., once per day from P3 to P9) induced morphological abnormal-
ities in lobule V of the cerebellar cortex at P21. The arrows show the typical projections of the internal granular layer of lobule V
always present in rats treated with saline. These projections were absent in four of six rats treated with PHCCC.
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In conclusion, our data suggest that an amplified activity of
mGlu4 receptors drives GNPs to exit the cell cycle and differen-
tiate into mature granule cells. This has a high degree of specific-
ity because drugs that selectively activate or inhibit other mGlu
receptor subtypes did not affect GNP proliferation. The evidence
thata 24 hr exposure to PHCCC increased the number of neurite-
expressing cells suggests that activation of mGlu4 receptors pro-
motes early events in neuritogenesis.
However, the high receptor expression in
differentiated cultured granule cells
(D’Mello et al., 1993; Tacovelli et al., 2002)
suggests that the mGlu4 receptor mediates
processes that are important for the main-
tenance of a mature phenotype. Under
physiological conditions, the control of
GNP proliferation and differentiation me-
diated by mGlu4 receptors might be dis-
pensable because mGlu4—/— mice de-
velop normally and basal [*H]thymidine
incorporation did not differ between cul-
tured granule cells prepared from wild-
type and mGlu4 —/— mice (Table 3). It is
the amplification of mGlu4 receptor acti-
. vation or an overexpression of mGlu4 re-
¥ ceptors (Fig. 6) that appears to promote
f GNP differentiation. An important impli-
cation of these findings is that pharmaco-
logical activation of mGlu4 receptors
might control the excessive growth of
pathological cells originating from GNPs,
which give rise to medulloblastomas. Our
evidence that the D-283 and D-341 me-
dulloblastoma cell lines express mGlu4 receptors (our unpub-
lished observations) suggests that this possibility is not remote
and warrants investigation.
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