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Distinct Roles of G␣q and G␣11 for Purkinje Cell Signaling
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G-protein-coupled metabotropic glutamate group I receptors (mGluR1s) mediate synaptic transmission and plasticity in Purkinje cells
and, therefore, critically determine cerebellar motor control and learning. Purkinje cells express two members of the G-protein Gq family,
namely Gq and G11. Although in vitro coexpression of mGluR1 with either G␣11 or G␣q produces equally well functioning signaling
cascades, G␣q- and G␣11-deficient mice exhibit distinct alterations in motor coordination. By using whole-cell recordings and Ca 2⫹
imaging in Purkinje cells, we show that G␣q is required for mGluR-dependent synaptic transmission and for long-term depression (LTD).
G␣11 has no detectable contribution for synaptic transmission but also contributes to LTD. Quantitative single-cell RT-PCR analyses in
Purkinje cells demonstrate a more than 10-fold stronger expression of G␣q versus G␣11. Our findings suggest an expression leveldependent action of G␣q and G␣11 for Purkinje cell signaling and assign specific roles of these two Gq isoforms for motor coordination.
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Introduction
The metabotropic glutamate group I receptor mGluR1 is a key
molecule for synaptic signaling and plasticity and thus for motor
learning and coordination in the cerebellum (Rose and Konnerth, 2001). Synaptic signaling through mGluR1 involves the
activation of guanine nucleotide-binding proteins (G-proteins).
On binding of glutamate to mGluR1, the ␣ subunit of the heterotrimeric G-protein activates phospholipase C (PLC), which hydrolyzes phosphatidyl-inositol 4,5-bisphosphate yielding DAG
and inositol 1,4,5-trisphosphate (InsP3). InsP3 then mobilizes
Ca 2⫹ ions from intracellular stores. Such metabotropic glutamate receptor (mGluR)-mediated Ca 2⫹ release has been shown
to be evoked by repetitive stimulation of the synapse between
parallel fibers (PFs) and Purkinje cells in rat cerebellum. The
resulting transient elevations in the dendritic Ca 2⫹ concentration do not require changes in membrane potential and were,
therefore, identified as a new class of postsynaptic response
(Finch and Augustine, 1998; Takechi et al., 1998). The importance of the synaptic mGluR-mediated Ca 2⫹ release signals was
emphasized by the finding that InsP3-mediated Ca 2⫹ release in
dendritic spines is essential for the induction of long-term depression (LTD) at PF–Purkinje cell synapses (Miyata et al., 2000).
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LTD is an activity-dependent form of synaptic plasticity that is
presumed to be one of the critical cellular determinants for motor
learning in the cerebellum (Ito, 2001). The key role of mGluR1
for cerebellar motor control has found strong support by the
demonstration that the functional expression and activation of
mGluR1 is required for the induction of LTD (Aiba et al., 1994;
Conquet et al., 1994; Ichise et al., 2000). In line with these observations, it was found also that the signals downstream of
mGluR1, including G-proteins, PLC, and InsP3, are required for
normal LTD and motor coordination. Thus, for example, InsP3
receptor-deficient mice exhibit cerebellar coordination deficits
associated with a pronounced ataxia and, on the cellular level,
they completely lack LTD (Inoue et al., 1998). It is also necessary
to mention here that, besides activating Ca 2⫹ release from intracellular stores, activation of mGluRs under certain conditions
evokes a slow EPSP (sEPSP) in Purkinje cells (Batchelor et al.,
1994). Recent evidence indicates that this sEPSP is mediated by
the TRPC1 cation channel (Kim et al., 2003). Although it was
demonstrated that activation of G-proteins is required for the
activation of the mGluR-dependent sEPSP (Hirono et al., 1998;
Sugiyama et al., 1999; Canepari and Ogden, 2003), to date it is
unclear which G-protein subtype is involved.
Group I mGluRs are coupled with the Gq subclass of heterotrimeric G-proteins (Masu et al., 1991; Abe et al., 1992). Of all
members of the Gq family, G11 and Gq are the major isoforms in
the adult brain (Wilkie et al., 1991; Mailleux et al., 1992). Both Gq
and G11 mediate a pertussis toxin-insensitive activation of PLC␤
(Rhee, 2001). The ␣ subunits of both isoforms, G␣q and G␣11,
have similar amino acid sequences (88%), and G␣11/G␣q immunoreactivity colocalizes with mGluR1 in dendritic spines of Purkinje cells. Therefore, it had been suggested that G11 and Gq are
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8the major signal transducers downstream of mGluR1 (Tanaka et
al., 2000). This hypothesis was partially supported by the observation that deficiency in G␣q causes coordination deficits and, on
the cellular level, a persistent innervation of Purkinje cells by
multiple climbing fibers (CFs), instead of the mono-innervation
found in normal conditions (Offermanns et al., 1997). However,
whereas hippocampal synaptic plasticity is equally impaired in
G␣q- and G␣11-deficient mice (Miura et al., 2002), the lack of
evidence for behavioral and cellular impairments in cerebellar
function in G␣11-deficient mice (Offermanns et al., 1997) remained a puzzle.

Materials and Methods
Tissue preparation

Parasagittal cerebellar slices (300 m) were prepared from wild-type
(C57/BL6) mice at postnatal day (P) 26 –P124, G␣11-deficient mice
(Stanislaus et al., 1998) (P29 –P140), and G␣q-deficient mice (Offermanns et al., 1997) (P36 –P63). The animals were decapitated after anesthesia with CO2, and the cerebella were removed rapidly and placed in
artificial CSF (ACSF; 0 –2°C) containing (in mM) 125 NaCl, 2.5 KCl, 2
CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose, bubbled
with 95% O2 and 5% CO2. After cutting, slices were kept for 60 min at
34°C and then for up to 8 hr at 25°C in ACSF.

Patch-clamp recordings
Somatic whole-cell recordings were obtained by using an EPC9 amplifier
(HEKA, Lambrecht, Germany). Pipettes (2.5–3.5 M⍀) were pulled from
borosilicate glass. The intracellular solution contained (in mM) 148
K-gluconate, 10 HEPES, 10 NaCl, 0.5 MgCl2, 4 Mg-ATP, 0.4 Na3-GTP,
and 0.1 Oregon Green BAPTA-1 (Molecular Probes, Eugene, OR), unless
stated otherwise, at pH 7.3. During recordings, slices were continuously
perfused with ACSF containing 10 M bicuculline (Sigma, Deisenhofen,
Germany). The holding potential was ⫺70 mV, if not stated otherwise.
Afferent stimulation was performed by using a pipette filled with 1 M
NaCl (1 M⍀ resistance) placed in the molecular layer. The stimulus pulse
amplitude (100 or 150 sec duration) was 2–20 V for PF stimulation and
20 –55 V for CF stimulation. PF and CF EPSCs were identified by their
characteristic features (Konnerth et al., 1990).
For LTD recordings, PFs were stimulated at 0.2 Hz, and EPSCs were
recorded in the voltage-clamp mode until a stable baseline amplitude was
obtained for 10 min. For synaptic LTD induction, a protocol described
previously was used (Barski et al., 2003; Feil et al., 2003). Briefly, while the
position of the stimulation pipette remained unchanged, the stimulus
intensity was raised to a value of 20% above the CF threshold identified
beforehand, and 240 stimuli were delivered at 1 Hz. After pairing, the
stimulus intensity was set to the initial value, and the recording of PF
EPSCs at 0.2 Hz was resumed for at least 40 min.
Bath-applied 1-amino-cyclopentane-trans-1,3-dicarboxylic acid
(ACPD, 50 M; Tocris Cookson, Bristol, UK) was delivered in the presence of the specific antagonist of mGluR2 receptors, (2S,3S,4S)-2methyl-(carboxycyclopropyl)glycine (MCCG, 200 M; Tocris Cookson).
In these experiments, the passive membrane properties of Purkinje cells
were monitored by applying 5 mV hyperpolarizing pulses. The series
resistance was kept constant at 10 –20 M⍀.
To measure local responses to ACPD, it was applied by a picospritzer
(Parker, Cleveland, OH) coupled with patch pipettes filled with ACSF, to
which 200 M ACPD was added. The pipettes were placed ⬃15 m above
the examined dendritic region. Caffeine (40 mM in ACSF; Sigma) was
pressure ejected from a fine-tip pipette positioned near (⬃10 M) the
soma for the duration of 500 –700 msec. The cell was voltage clamped at
⫺50 mV to slightly elevate the resting Ca 2⫹ concentration (Kano et al.,
1995).
Flash photolysis of P 4(5)-1-(2-nitrophenyl)ethyl ester of myo-Dinositol-1,4,5-trisphosphate (caged InsP3; Calbiochem, La Jolla, CA) was
performed by a ⬃3 msec UV light pulse from a discharge Xenon lamp,
coupled with the epifluorescence port of the microscope via a quartz light
guide (T.I.L.L. Photonics, Gräfelfing, Germany). A 470 nm long pass 45 o
dichroic mirror allowed the UV pulse to follow the same light path as the

excitation light. InsP3-induced Ca 2⫹ transients were measured by adding 200 M Fluo-4 (Molecular Probes) and 150 M caged InsP3 to the
pipette solution (Khodakhah and Ogden, 1995). All patch-clamp experiments were performed at room temperature (22–24°C).

Confocal fluorescence imaging
A confocal laser-scanning microscope (Odyssey; Noran, Middleton,
WI), attached to an upright microscope (Axioskop 2; 40⫻ water immersion objective; numerical aperture, 0.75; Zeiss, Oberkochen, Germany)
was used to acquire fluorescence images at 60 Hz in parallel to the patchclamp recordings (Eilers et al., 1995). Full-frame standard video images
were recorded at 30 Hz on an optical disk (TQ-FH224; Panasonic, Osaka,
Japan) using the Image-1 software (Universal Imaging, Downington,
PA) and analyzed offline with custom-made software (FastAnalysis,
LABVIEW; National Instruments, Austin, TX). Using FastAnalysis, all
images of a sequence were first low-pass filtered to reduce noise in the
recording. After that, an average image of 15 or 30 consecutive frames
recorded just before stimulation was subtracted from an average image of
45 consecutive frames that followed synaptic stimulation. Pixels in the
resulting image were regarded as “active” if their increase in brightness
exceeded a threshold of twice the noise level in detected regions outside
the cell. The Ca 2⫹-dependent fluorescence signals from dendritic regions consisting of these active pixels were expressed as increases in
fluorescence divided by the prestimulus fluorescence values (⌬F/F) and
further analyzed using Igor Pro software (Wavemetrics, Lake Oswego,
OR). Images displayed in Figures 2 and 3 are averages of 100 consecutive
video frames.

Behavioral tests
Rotorod test. Tests were performed according to previously published
procedures (Offermanns et al., 1997).
Ladder walking test. This test involved a “ladder” that was composed of
38 staves with a diameter of 2 mm placed at intervals of 2 cm. For the
creation of irregular patterns, the positions of seven or nine randomly
chosen staves were altered. Runs were recorded at 30 Hz, and slips of the
forelimbs and hindlimbs were counted in a frame-by-frame analysis.
Elevated beam balancing test. The movement of mice on a round plastic
beam (length, 50 cm; diameter, 1 cm) was recorded and analyzed as
described above.
Turning ladder test. Mice were placed on a horizontal ladder (38 staves;
length, 16 cm; diameter, 2 mm) facing one of the ends. The opposite end
was lifted until the ladder reached a vertical position. We measured the
time the mice required to turn their body into an upright position.

Quantitative rapid-cycle real-time RT-PCR
Individual Purkinje cells and material for control reactions were harvested under visual control from cerebellar slices as reported previously
(Garaschuk et al., 1996; Plant et al., 1998). After solubilization in 0.5%
NP-40 (Roche, Basel, Switzerland), reverse transcription (RT) was performed as described (Lambolez et al., 1992). The resulting cDNA was
purified by the use of silica matrix. Rapid-cycle PCR reactions were optimized and performed in 20 l reactions in glass capillaries according to
the manufacturer’s instructions using the LightCycler DNA Master
SYBR Green I kit (Roche). The following primers were selected with the
Oligo 6.0 Primer analysis software (MedProbe, Oslo, Norway): (1) G␣q
[European Molecular Biology Laboratory (EMBL)/GenBank accession
number m55412]: 5⬘-86-for 5⬘-AAGCCCGGAGGATCAACGAC-3⬘, 3⬘256-rev 5⬘-CGCGCTTGTCTTCGTCAGAGT-3⬘ (single-cell primer set;
amplicon size, 171 bp); 5⬘-724-for 5⬘-GTAGCGCTTAGCGAATATGAT-3⬘,
3⬘-935-rev 5⬘-CTCTGGGGTCCATCATATTCT-3⬘ (total brain primer set;
amplicon size, 212 bp); and (2) G␣11 (EMBL/GenBank accession number
m55411): 5⬘-119-for 5⬘-CAACGCGGAGATCGAGAAA-3⬘, 3⬘-403-rev 5⬘ACCTCCCGGATCAGGAGTG-3⬘ (total brain and single-cell primer set;
amplicon size, 285 bp). The following rapid-cycle PCR conditions were
found to be optimal: (1) G␣11 PCR: 1 min denaturation, then 50 cycles with
Tdenaturation ⫽ 95°C, 0 sec (no hold at 95°C); Tanneal ⫽ 59°C, 5 sec; Telongation ⫽
72°C, 12 sec; Tmeasurement ⫽ 89°C, 5 sec; primers: each 40 pmol/reaction,
4 mM MgCl2; and (2) G␣q PCR: 1 min denaturation, then 50 cycles with
Tdenaturation ⫽ 95°C, 0 sec; Tanneal ⫽ 59°C, 5 sec; Telongation ⫽ 72°C, 7 sec;
Tmeasurement ⫽ 87°C, 5 sec; primers: each 20 pmol/reaction, 5 mM MgCl2.
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In the case of total brain RNA analysis for G␣q cDNA, the primers were
used with the following reaction conditions: 1 min denaturation, then 50
cycles with Tdenaturation ⫽ 95°C, 0 sec; Tanneal ⫽ 54°C, 5 sec; Telongation ⫽
72°C, 9 sec; Tmeasurement ⫽ 81°C, 5 sec; primers: 40 pmol/reaction, 4 mM
MgCl2. To be used as standards for absolute cDNA quantification, corresponding amplicons were purified (PCR Purification kit; Qiagen,
Hilden, Germany) and quantified using the GeneQuant photometer
(Amersham Biosciences, Freiburg, Germany). Then, standards were diluted in 10 mM Tris-HCl, pH 8.5, and 0.1% BSA (w/v). To compare the
levels of G␣11 or G␣q expression in individual single cells, the cDNA
material of a single cell was divided into five equal parts, of which one
part was used for G␣q expression analysis and two parts were used for
G␣11 analysis. The remaining material was saved for future tests. Rapidcycle RT-PCR was performed on the LightCycler (Roche) and analyzed
with the LightCycler analysis software (version 3.5.3). To estimate the
total amount of G␣11 or G␣q cDNA molecules from single cells or total
brain RNA samples, SYBR Green I fluorescence, bound to doublestranded PCR products, was analyzed in the log-linear phase using the so
called “fit point” method with standards in the same PCR run that were
chosen to represent similar copy numbers (Rasmussen, 2001). Total
brain RNA was purified as described (Chomczynski and Sacchi, 1987).
PCR products from single cells were identified by melting curve analysis,
restriction analysis, and, in some cases, by direct DNA sequencing of PCR
products. Sequence analysis was performed at the Genius Network Service (German Cancer Research Center, Heidelberg, Germany).

Transient transfection of COS-7 cells and determination of
inositol phosphate levels

COS-7 cells were seeded in 24-well plates at a density of 4 ⫻ 10 4 cells per
well and grown overnight. Cells were then washed with PBS, and for
cotransfection experiments, 0.2 g of each DNA mixed with 2 l of
lipofectamine (Invitrogen, Karlsruhe, Germany) in 0.25 ml of OptiMEM were added to each well. In control experiments, the total amount
of DNA was maintained constant by adding DNA from a vector encoding
␤-galactosidase. After 5 hr at 37°C, 0.25 ml of DMEM containing 20%
(v/v) FBS was added to each well. Approximately 24 hr after transfection,
cells were labeled for 20 –24 hr with 120 pmol of myo-[2- 3H]inositol
(758.5 Gbq/mmol; NEN, Wilmington, DE), and labeled cells were
washed with PBS and were then incubated for 30 min at 37°C with 0.25
ml of inositol– glutamate-free DMEM containing 1 U/ml glutamate
pyruvate transaminase and 2 mM pyruvate. Thereafter, the medium was
aspirated, cells were washed, and the indicated agents were added in
DMEM containing 10 mM LiCl. Inositol phosphate formation was
stopped after 20 min by removing the medium and the addition of 0.2 ml
of 10 mM ice-cold formic acid. Total inositol phosphates were then extracted, separated, and measured as described (Offermanns and Simon,
1995). Measurements were done in triplicate representing three independently transfected wells.

Immunohistochemistry
Adult mice were perfused with 4% paraformaldehyde, and brains were
sectioned at 25 or 50 m using a vibratome (Leica, Solms, Germany). To
block endogenous peroxidase activity, sections were incubated in 1%
H2O2 in PBS:methanol (1:1) for 15 min. Background staining was
blocked by incubating sections with goat serum for 30 min, and sections
were further incubated with the rabbit anti-G␣q/11 antibody (1:1000 or
1:1500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C overnight, followed by biotinylated anti-rabbit secondary antibody (Vector
Laboratories, Burlingame, CA). Incubation with streptavidin and subsequent development of peroxidase staining was done using the Vectastain
ABC kit (Vector Laboratories) according to the manufacturer’s directions. Images were captured using a CCD camera (Leica) from all mice
using identical conditions of light and contrast. Staining intensities were
quantified over specific, stained regions with NIH Image software (National Institutes of Health, Bethesda, MD) using nonstained brain regions (white matter) as background controls.

Data analysis
For the analysis of synaptically evoked LTD and ACPD-mediated synaptic depression, all EPSCs collected during the last 10 min of the experi-
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Figure 1. G␣q and G␣11 equally couple mGluR1 activation with inositol phosphate (IP)
production. Accumulation of inositol phosphates in COS-7 cells that coexpress mGluR1a and
␤-galactosidase (lacZ) or G␣q and G␣11 subunits is indicated. Ligand-dependent inositol phosphate formation was determined in the absence or presence of increasing concentrations of
glutamate (Glu) for 20 min. Shown are mean values of triplicates ⫾ SD. In the presence of either
G␣q or G␣11 , the glutamate-induced inositol phosphate production was about twice as high as
in the absence of a cotransfected G-protein ␣ subunit. This difference is statistically highly
significant ( p ⬍ 0.01).

ment (30 – 40 min after stimulation and 20 –30 min after ACPD application, respectively) were considered (from every experiment, 10 samples
each representing all 12 consecutive test EPSCs per minute, normalized
to the control mean value).
Student’s t test was used to determine significance between groups of
data (if not stated otherwise); p ⬍ 0.05 was considered significant. Error
bars in bar graphs represent SEM, if not stated otherwise.

Results
To test whether the mGluR is able to interact with both, Gq and
G11, we coexpressed mGluR1␣ receptors and G␣q or G␣11 in
COS-7 cells. Figure 1 shows that in this in vitro assay both ␣
subunits were equally effective in augmenting the mGluR1mediated production of inositol phosphates. In the presence of
either G␣q or G␣11, the glutamate-induced inositol phosphate
production was about twice as high as in the absence of a cotransfected G-protein ␣-subunit. This difference is statistically highly
significant ( p ⬍ 0.01). There was no major difference in the
potency of glutamate to induce responses through either the
mGluR1–Gq or the mGluR1–G11 pathway. This indicates that Gq
and G11 indistinguishably couple mGluR1 with the ␤-isoforms of
PLC. In contrast to G␣11-deficient mice, however, mice lacking
G␣q have obvious functional cerebellar defects, whereas the general size and anatomy as well as layer structures of the cerebellum
appeared to be normal (Offermanns et al., 1997). On the cellular
level, we could essentially confirm this observation. Purkinje cells
in cerebellar slices obtained from mutant and wild type mice were
filled through a patch pipette with the calcium indicator Oregon
Green BAPTA-1. The general appearance of the confocal images
of the dendritic trees showed no gross abnormalities in both mutants with regard to the size and the apparent complexity of the
dendritic ramifications. The number of primary Purkinje cell
dendrites was not significantly different in the mutants (wild
type, n ⫽ 1.23 ⫾ 0.08 in 30 cells; G␣11⫺/⫺, n ⫽ 1.17 ⫾ 0.05 in 12
cells; G␣q⫺/⫺ cells, n ⫽ 1.16 ⫾ 0.09 in 19 cells). Thus, the singlecell morphology in different mutants did not provide any ostensible clue for the behavioral and cellular alterations observed in
G␣q-deficient mice (Offermanns et al., 1997).
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Figure 2. Postsynaptic Ca 2⫹ signals mediated by repetitive PF stimulation in Purkinje cells
of wild-type mice and G␣11-deficient mice. A–D, Wild-type mice. A, Confocal image of the
active dendritic region of a Purkinje cell (scale bar, 10 m). PFs were stimulated with a train of
five pulses (100 sec, 22 V, at 50 Hz). B, Synaptic Ca 2⫹ signal recorded from the active microdomain in A. The inset shows the corresponding, somatically recorded EPSC. C, Different
inputs exhibit different patterns of biphasic Ca 2⫹ responses corresponding to class 1, 2, or 3
(see Results for details). Recordings were obtained in three different Purkinje cells. D, The
delayed synaptic Ca 2⫹ signal component is blocked by 2 mM MCPG. E–H, G␣11-deficient mice.
E, Confocal image of the active dendritic region of a Purkinje cell (scale bar, 10 m). PFs were
stimulated with a train of five pulses (100 sec, 6 V, at 50 Hz). F, The traces illustrate the
biphasic postsynaptic Ca 2⫹ response recorded from the active microdomain in A and the corresponding EPSC (inset). G, Synaptic Ca 2⫹ responses from different PF synaptic inputs. Recordings were obtained in three different Purkinje cells. H, MCPG sensitivity of the delayed component of the synaptically evoked Ca 2⫹ responses (2 mM MCPG).

PF-mediated synaptic transmission is not detectably altered
in G␣11-deficient mice
We next stimulated afferent PFs and recorded the complex synaptic response in Purkinje cells by combining whole-cell voltageclamp recordings with rapid confocal calcium imaging (Takechi
et al., 1998). The electrical component of the synaptic response
and the associated local changes of [Ca 2⫹]i in dendrites were
recorded simultaneously (Fig. 2 A, B, E, F ). To compare the characteristics of the Ca 2⫹ response between the different genotypes,
we devised an approach that ensured that the entire Ca 2⫹ re-
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sponse was registered within the active dendritic region (see Materials and Methods). Briefly, after PF activation, the active dendritic region was identified by subtracting an averaged image of
the resting fluorescence (constructed from a sequence of 15 or 30
images preceding the stimulation) from an average of images
taken during the synaptic response. The two-dimensional arrangement of the dendritic tree of Purkinje cells and the strictly
laminar organization of the afferent PFs ensured the detection of
all responsive dendritic sites. The fluorescence traces represent
the integral response of such synaptically “active” sites determined with this approach.
As reported previously for rat cerebellum (Finch and Augustine, 1998; Takechi et al., 1998), in slices of wild-type mouse
cerebellum, a brief train of repetitive subthreshold PF stimulation (5 pulses, 50 Hz) evoked a complex Ca 2⫹ signal that was
confined to the dendritic target region of the activated PFs (Fig.
2 A). The synaptic Ca 2⫹ response consisted of two distinct components: an early response with a fast rising phase and a delayed
second component. For consistency, we use here the original
terminology (Takechi et al., 1998): early synaptic Ca 2⫹ transient
(ESCT) for the initial AMPA receptor (AMPAR)-mediated component and delayed synaptic Ca 2⫹ transient (DSCT) for the
mGluR-mediated second component.
Figure 2C shows the different types of PF-mediated complex
Ca 2⫹ responses found in control recordings in wild-type mice
(n ⫽ 28 PF synaptic inputs to Purkinje cells). The responses were
grouped into three classes, depending on the ratio of the peak
amplitudes of ESCTs versus DSCTs (class 1, ratio ⬎⬎1; class 2,
ratio ⬃1; class 3, ratio ⬍⬍1). Both class 1 (left trace; n ⫽ 11) and
class 2 (middle trace; n ⫽ 11) responses were recorded in 39% of
the inputs, respectively. In the remaining experiments, class 3
responses were recorded (right trace; 22% of inputs with a complex Ca 2⫹ response; n ⫽ 6). Occasionally, no discernable ESCT
component was detected (n ⫽ 5; data not shown). The reason for
the variability of PF-mediated Ca 2⫹ responses is unclear. We
assume that the variability reflects either the filling state of the
internal stores with Ca 2⫹ and/or a variable distribution of Ca 2⫹releasing organelles in the dendritic tree. Regardless of their relative amplitudes, DSCTs were always abolished by the presence
of the antagonist of mGluR, (R,S)-␣-methyl-4-carboxyphenylglycine (MCPG) (n ⫽ 6) (Finch and Augustine, 1998; Takechi et
al., 1998) (Fig. 2 D), whereas the ESCTs were blocked by the
antagonist of ionotropic AMPARs, CNQX (data not shown). In
mice lacking G␣11, the PF-mediated Ca 2⫹ responses were qualitatively similar to those observed in wild-type mice (Fig. 2 E–H ).
Thus, the size of the active dendritic regions had similar dimensions to those detected in the wild type, when similar stimulation
parameters were used (Fig. 2 E). As in wild-type mice, in
G␣11⫺/⫺ mice the PF-mediated Ca 2⫹ responses were detected
throughout the dendritic tree. The synaptically evoked Ca 2⫹
transients in G␣11-deficient mutants displayed a variability of the
ESCT versus DSCT peak amplitude ratios, which is quite similar
to that found in wild-type mice (Fig. 2G), although the relative
abundance of the different response classes was slightly different.
Approximately 30% (6 of 20) of all PF synaptic inputs displaying
a complex Ca 2⫹ response belonged to class 1 (left trace), 25% (5
of 20) to class 2 (middle trace), and 45% (9 of 20; right trace) to
class 3. Not included in this distribution are three unsuccessful
attempts to evoke a clear biphasic postsynaptic Ca 2⫹ response. As
in wild-type mice, the DSCTs were abolished by MCPG (n ⫽ 9)
(Fig. 2 H). Taken together, these analyses did not provide support
for a major involvement of G␣11 in the process of mGluRmediated synaptic signaling in cerebellar Purkinje cells. It is, per-
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Figure 3. Ca 2⫹ signaling in Purkinje cells of G␣q-deficient mice. A, Confocal image of the
active dendritic region of a Purkinje cell responsive to repetitive stimulation of a beam of PFs (5
pulses; 13 V, at 50 Hz; scale bar, 10 m). B, Ca 2⫹ response recorded from the active microdomain (region within the dashed line) in A. The inset shows the corresponding EPSC. C, Ca 2⫹
transient and EPSC in response to a single synaptic stimulation pulse (10 V). D, Ca 2⫹ transient
and EPSC in response to repetitive stimulation (5 pulses of 10 V at 50 Hz) in the same input as in
C. Note the larger amplitude but the monotonic decay of the Ca 2⫹ transient (left). The synaptic
response was blocked by 10 M CNQX (right). E, Absence of an MCPG-sensitive Ca 2⫹ response
component (2 mM MCPG). F, Ca 2⫹ transients evoked by caffeine application (top, open arrowhead) or by a 3 msec UV pulse (bottom, arrow) applied to a Purkinje cell loaded with caged InsP3
(150 M). Recordings were obtained from two different Purkinje cells. Each trace is an average
of four consecutive responses separated by 3– 4 min. The holding potential was ⫺50 mV
(caffeine application) and ⫺70 mV (InsP3 uncaging). G, Quantitative comparison of synaptically evoked Ca 2⫹ responses in mutant and in wild-type mice. The time point at which the
amplitude of the Ca 2⫹ response was half of the amplitude of the ESCT was defined as t1/2. The
bar graph shows the t1/2 values obtained in the three genotypes under control conditions (䡺)
and in the presence of MCPG (f). The numbers of experiments included in the analyses are
indicated on top of each bar.

haps, also useful to note that AMPAR-mediated signaling seemed
to be intact in G␣11-deficient mouse mutants.
G␣q-deficient mice lack mGluR-mediated calcium signaling
The same experimental setting and stimulation procedure
yielded entirely different results in G␣q-deficient mice. Although
postsynaptic Ca 2⫹ responses with spatial dimensions comparable with those obtained in wild-type and G␣11-deficient mice
could be evoked (Fig. 3A), the Ca 2⫹ responses lacked the com-
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plexity observed under control conditions. As mentioned above,
biphasic Ca 2⫹ signals after repetitive synaptic stimulation were
observed at 28 of 33 synaptic inputs (24 cells) and 20 of 23 inputs
(17 cells) in wild-type and G␣11-deficient mice, respectively. In
contrast, in G␣q-deficient animals, all stimulated inputs (19 of 19
in 15 cells) showed a monophasic Ca 2⫹ transient characterized
by a fast rising phase and a mono-exponential decaying phase
with an average time constant of 436 ⫾ 179 msec (SD; n ⫽ 19 in
15 cells) (Fig. 3B). Thus, the response had a time course that was
not distinguishable from that observed with single-shock stimulation (Fig. 3C), a paradigm known to activate exclusively the
AMPAR component (Eilers et al., 1995; Takechi et al., 1998).
Indeed, in G␣q mice the synaptically evoked calcium response
was, in all instances (n ⫽ 19), completely blocked by CNQX (Fig.
3D). Furthermore, neither the shape of the synaptic Ca 2⫹ response
nor its time course were affected by MCPG (n ⫽ 3) (Fig. 3E).
Two types of experiments were performed to test that neither
the filling state of the intracellular Ca 2⫹ stores nor the function of
InsP3 receptors is impaired in G␣q-deficient mice. First, caffeine,
an agonist of ryanodine receptors, was focally applied to Purkinje
cells of G␣q⫺/⫺ mice and was found to produce transient Ca 2⫹
elevations in the soma and dendrites of all four cells tested (Fig.
3F, top trace). Second, photolysis of caged InsP3, which was dialyzed through the patch pipette into Purkinje cells of G␣q⫺/⫺
mice, evoked Ca 2⫹ transients in all four cells tested (Fig. 3F,
bottom trace).
Figure 3G summarizes the results obtained in wild-type mice and
the two types of mutant mice and provides a direct comparison of
the average synaptically mediated calcium responses obtained in all
experiments. As a parameter for the quantification of the different
time courses of the Ca 2⫹ transients, we chose t1/2, the time during
which the dendritic [Ca 2⫹]i declined to half of the amplitude of
ESCT. Figure 3G shows that the t1/2 values were almost equal in the
wild-type (1132 ⫾ 139 msec; n ⫽ 20 cells; SEM) and G␣11-deficient
(1089 ⫾ 110 msec; n ⫽ 17 cells; SEM) mice, whereas those found in
G␣q-deficient mice (358 ⫾ 23 msec; n ⫽ 11 cells; SEM) were similar
to those found in MCPG-treated cerebellar slices from wild-type
mice (394 ⫾ 46 msec; n ⫽ 6 cells; SEM). It is worth mentioning that
there was no significant difference between stimulation strengths
used in wild-type mice and G␣11⫺/⫺ and G␣q⫺/⫺ mice, respectively ( p ⬎ 0.3). Furthermore, there was no systematic difference of
the amplitudes of AMPAR EPSCs in wild-type mice and the two
mutants ( p ⬎ 0.3).
Slow EPSPs require G␣q
In addition to the induction of dendritic Ca 2⫹ signals, synaptic
activation of mGluRs at the PF–Purkinje cell synapse produces a
mGluR-mediated sEPSP (Batchelor et al., 1994). The sEPSPs, in
general, require stronger afferent stimulation than that necessary
for the induction of DSCTs, as had been mentioned briefly previously (Takechi et al., 1998). Here, we performed whole-cell
voltage-clamp recordings and used, as a standard procedure, 15
stimulation pulses delivered at 50 Hz to afferent PFs to evoke slow
EPSCs (sEPSCs). The experiments were performed in the presence of 40 M CNQX. Under these conditions, sEPSCs were successfully evoked in 5 of 7 inputs (six cells) in wild-type mice and
in 6 of 11 inputs (five cells) in G␣11-deficient mice (Fig. 4 A).
Occasionally, repetitive stimulation evoked a small and rapid,
CNQX-resistant inward current. This was possibly a residual
AMPAR-mediated current or, perhaps, a postsynaptic glutamate
transporter-mediated current (Canepari et al., 2001). We found
that sEPSCs were generally accompanied by dendritic Ca 2⫹ signals. These Ca 2⫹ signals as well as the sEPSCs were completely
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blocked by MCPG (data not shown). In
contrast, in G␣q-deficient mice, the sEPSCs could not be evoked at all (Fig. 4 A)
(n ⫽ 7 synaptic inputs in five cells). The
summary of these experiments is shown in
Figure 4 D.
An mGluR-mediated current and a
corresponding Ca 2⫹ signal can be evoked
in Purkinje cells not only by synaptic PF
stimulation but also by the direct application of the mGluR agonist ACPD (Vranesic et al., 1991). To study mGluR activation
without interference of possible presynaptic changes in the mutants, we locally pressure ejected ACPD to small dendritic regions of Purkinje cells (Fig. 4). ACPD
evoked an inward current associated with
a marked elevation of the dendritic
[Ca 2⫹]i in both wild-type (seven of nine
application sites in eight cells) and G␣11deficient (six of six sites in four cells) mice.
In no single instance were any ACPD puffevoked currents and/or calcium responses
detected in G␣q-deficient mice (12 of 12
inputs in six cells). Quantitative results
from the ACPD application experiments
are given in Figure 4, E and F.
Different results were obtained when
ACPD was applied for more prolonged periods of time. Figure 4C shows current
traces obtained from Purkinje cells to
which 50 M ACPD was applied for 15
min. In these experiments the group II
mGluR inhibitor MCCG (200 M) was
added to the bath to avoid the activation of
ACPD-responsive mGluR4 receptors on
PFs. In addition, bicuculline in the bath
prevented inhibitory activation of Purkinje cells by interneurons expressing
mGluR1. Under these conditions, a slowly
activating inward current was recorded in
cells from all three genotypes, including
G␣q-deficient mice. In G␣11-deficient
mice, the average amplitude was 181.2 ⫾
14.7 pA (n ⫽ 8; SEM) and thus similar to
that obtained in wild-type mice (178.8 ⫾
29.3 pA; n ⫽ 5; SEM). In G␣q-deficient
mice, the amplitude, on average, reached
only 56.7 ⫾ 12.4 pA (n ⫽ 8; SEM).
Impairment of long-term synaptic
depression in mutant mice
LTD was induced by conjunctive stimulation of PFs and CFs at 1 Hz for 4 min. In
control experiments performed in wildtype mice, the mean amplitude of EPSCs
measured 30 – 40 min after LTD induction
was 65.1 ⫾ 1.4% (n ⫽ 8 cells; SEM) of the
control value (Fig. 5 A, D). In G␣qdeficient mice, LTD induction was markedly impaired (Fig. 5C,D), yielding an
EPSC amplitude of 85.5 ⫾ 2.4% of the
baseline value (n ⫽ 9 cells; SEM). This is
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Figure 4. Analysis of mGluR-mediated currents in wild-type and mutant mice. A, sEPSCs and Ca 2⫹ transients evoked by
repetitive stimulation (15 pulses at 50 Hz) are found in wild-type and G␣11-deficient mice but not in G␣q-deficient mice. The
recordings were performed in the presence of 10 M bicuculline and 40 M CNQX. B, Inward currents (bottom traces) and Ca 2⫹
transients (top traces) in wild-type mice and G␣11- and G␣q-deficient mice are indicated. Responses were evoked by pressure
ejecting ACPD (200 M) from an application pipette placed ⬃15 m above the dendrites of a voltage-clamped Purkinje cell. For
the wild-type and G␣11-deficient cells, the Ca 2⫹ transients were obtained from the activated dendritic regions, detected as
described in Materials and Methods. In G␣q-deficient cells, the fluorescence was evaluated in the whole dendritic region recorded.
The duration of ACPD application was 1 sec. C, Slow inward currents in response to bath application of 50 M ACPD, which was
present for 15 min (indicated by black bars), in the three genotypes are shown. Traces are averages of recordings from five cells in
wild-type mice (left), eight cells in G␣11-deficient mice (middle), and eight cells in G␣q-deficient mice (right). Unlike local
pressure application of ACPD, the sustained presence of ACPD in the bath induces an increase in the holding current of voltageclamped Purkinje cells also in G␣q-deficient mice. Compared with G␣q-deficient mice, in wild-type and G␣11-deficient mice the
amplitudes were larger (left and middle traces, respectively). In wild-type and G␣11-deficient mice, but not in G␣q-deficient mice,
the responses desensitized in the presence of the agonist. D, Summary plot of the sEPSC values. The bar graphs include recordings
from five inputs in wild-type mice, six inputs in G␣11-deficient mice, and seven inputs in G␣q-deficient mice. The amplitudes of
the sEPSCs are given as ratios of the peak current versus the corresponding voltage value of the stimulation pulse. Values obtained
from wild-type and G␣11-deficient mice are not significantly different from each other ( p ⬎ 0.1). E, Summary plot of the inward
current (IACPD ) values. The bar graphs include recordings from nine inputs in wild-type mice, six inputs in G␣11-deficient mice, and
12 inputs in G␣q-deficient mice. The difference between wild-type and G␣11-deficient mice is not significant ( p ⬎ 0.1). F, The
corresponding average fluorescence changes of the data shown in B. In the graphs shown in D–F, differences between the
respective data obtained from wild-type and G␣11-deficient animals are not significant ( p ⬎ 0.05). G, Summary plot of the slow
ACPD-evoked currents (slow IACPD ). The bar graphs include recordings from five cells in wild-type mice and eight cells in G␣11deficient and G␣q-deficient mice, respectively. The average current amplitude measured in G␣q-deficient mice differs significantly from the corresponding values obtained in wild-type and G␣11-deficient mice ( p ⬍ 0.01).
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significantly different from the value obtained in wild-type mice ( p ⬍ 0.01). Surprisingly, also in G␣11⫺/⫺ mice, LTD induction was impaired (Fig. 5 B, D),
although to a lesser extent than in the
G␣q⫺/⫺ mice. On average, the EPSC amplitude values were depressed to 75.9 ⫾
2.4% of the control (n ⫽ 10 cells; SEM).
These data are significantly different from
both wild-type and G␣q-deficient mice
( p ⬍ 0.01).
Dendritic InsP3 production alone is
sufficient to induce a spatially restricted
LTD in Purkinje cells (Finch and Augustine, 1998). In hippocampal neurons,
group I mGluR- and GTP-dependent plasticity could be induced by bath application
of group I mGluR-specific agonists (Fitzjohn et al., 2001). A similar protocol was
used previously also in cerebellar Purkinje
cells (Crepel et al., 1991), although the
synaptic depression after perfusion with
ACPD for 5 min was transient in the majority of cells measured. To test for the role
of a prolonged InsP3 production, as it may
occur during the induction of LTD, we applied ACPD (50 M) for 15 min while continuing to stimulate the afferent PF input
at the normal test frequency (0.2 Hz). Figure 5E shows that in wild-type mice ACPD
caused a pronounced depression of EPSCs
that persisted in an LTD-like manner for
30 min after the washout of ACPD. Remarkably, an ACPD-evoked EPSC reduction occurred both in G␣11-deficient mice
(Fig. 5F ) and in G␣q-deficient mice (Fig.
5G), although the persistent depression
was much less than in wild-type mice (Fig.
5E). Figure 5H summarizes the results on
ACPD-evoked synaptic depression. Taken
together, the experiments shown in Figure
5 indicate that prolonged electrical stimulation or prolonged ACPD application are
capable of at least partially activating the
mGluR1-dependent pathway, even in
G␣q-deficient mice.

Figure 5. Synaptically evoked LTD and ACPD-induced synaptic depression in wild-type and mutant mice. A, LTD in a wild-type
mouse. Top, EPSCs recorded 5 min before the start of LTD induction (control) and 40 min after LTD induction (40 min). Traces are
averages of consecutive 10 EPSCs. B, LTD in a G␣11-deficient mouse. Top, Sample traces from the experiment shown below as
described in A for wild-type mice. C, Attempt of LTD induction in a G␣q-deficient mouse. Top, Sample traces from a single
experiment recorded as described in A for wild-type animals. D, Summary of all LTD experiments. Significant differences are
marked with an asterisk ( p ⬍ 0.01). The bars indicate average values of the remaining EPSC amplitudes (in percentage of the
baseline amplitudes). The number of cells included into the analysis is indicated. E, Effect of bath application of ACPD (50 M for
15 min; marked by the black bar) to PF-mediated synaptic transmission in a wild-type mouse. Top, EPSCs recorded 5 min before
the start of ACPD perfusion (control) and 30 min after the beginning of the washout of the agonist (30 min). Traces are averages
of 10 consecutive EPSCs recorded in the experiment shown below. In the presence of ACPD, EPSC amplitudes are markedly
reduced. During washout of ACPD, they partially recover but remain significantly reduced compared with the baseline after
complete washout of ACPD. F, ACPD perfusion experiment, as in E, performed in a G␣11-deficient mouse. G, ACPD perfusion
experiment, as in E, performed in a G␣q-deficient mouse. H, Summary of ACPD perfusion experiments (same statistical analysis as
that in D). Data points in A–C and E–G represent the average of normalized test EPSCs recorded during 1 min.

Behavioral alterations in G␣q- and
G␣11-deficient mice
In view of the results obtained in the LTD
experiments, especially given that G␣11⫺/
⫺-deficient mice showed clear impairments, the motor abilities of wild-type and
mutant mice were investigated by using
various tests (Fig. 6). In the turning rotorod test, G␣11-deficient mice performed
similarly well as wild-type mice (Fig. 6 A)
during the first trials and improved further
with increasing trial numbers. In contrast,
G␣q-deficient mice immediately fell off
the turning rotorod device, independently
of the number of previous attempts (Offermanns et al., 1997).
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A run test on a horizontal ladder (Fig. 6 B) yielded comparable
results from the three genotypes, consisting of a strong impairment in motor control for G␣q⫺/⫺ deficiency but not for G␣11
deficiency. When increasing the difficulty of the task, by using a
ladder with an irregular spacing of the steps (Fig. 6C), the difference between G␣q-deficient mice versus wild-type and G␣11deficient mice, respectively, became even more evident. In this
test, G␣q-deficient mice were not capable of walking on the ladder at all. Wild-type and G␣11-deficient mice, in contrast, performed similarly well as on the ladder with regularly spaced steps
(Fig. 6 B, C).
A more challenging test, however, revealed surprising results.
The run test on an elevated, narrow beam (see Materials and
Methods) exposed a marked impairment in motor control of
G␣11-deficient mice. Wild-type mice walked on the bar without
any detectable difficulty to reach a platform at the opposite end of
the bar. In contrast, G␣q-deficient mice completely failed to walk
on the bar. G␣11-deficient mice reached the platform at the end of
the bar but had marked difficulties while walking on the bar.
Unlike wild-type mice, G␣11-deficient mice walked uncoordinatedly, slipping frequently on their way to the platform. The average relative number of slips during their runs was increased six
times compared with wild-type mice (49.7 ⫾ 3.8% for G␣11deficient mice and 8.18 ⫾ 1.52% for wild-type mice; two trials,
n ⫽ 4 in both groups) (Fig. 6 D). Thus, in this runway test, each
genotype had a clearly distinctive behavior that was found in all
individuals tested. Thus, by using a challenging motor coordination test, we found, in contrast to previous suggestions (Offermanns et al., 1997), clear behavioral alterations also in G␣11deficient mice.
Clear behavioral alterations in G␣11– deficient mice were detected also in the “turning ladder” test. In this test, a mouse is
placed on a ladder that initially is held in a horizontal position.
We determined the time needed for the mice to turn to an upright
body position after they unexpectedly found themselves in a vertical position with their heads facing downward. The average
turning time of G␣11-deficient mice was 7.05 ⫾ 1.47 sec (n ⫽ 9
mice; three trials for each mouse; SEM) compared with 1.74 ⫾ 0.1
sec (n ⫽ 9 mice; three trials for each mouse; SEM) for wild-type
mice. G␣q-deficient mice entirely failed this test and in no instance managed to turn their body into the upright position (n ⫽
4 mice; repeated trials) (Fig. 6 E).
4
Figure 6. Distinct alterations in motor control in G␣q-deficient and G␣11-deficient mice,
respectively. A, G␣q-deficient mice were significantly impaired on the turning rotorod from
which they almost immediately fell off (n ⫽ 12). G␣11-deficient mice (n ⫽ 9), in contrast,
displayed a stability very similar to wild-type mice (n ⫽ 10). The two data sets from wild-type
and G␣q-deficient mice have been published before (Offermanns et al., 1997) but are shown
here for a comparison with previously unpublished data from G␣11-deficient mice, which were
obtained in the same series of experiments. B, When supposed to walk on a horizontal ladder
with a regular stave pattern, G␣q-deficient mice slipped significantly more often than G␣11deficient mice, which were indistinguishable from wild-type mice in this experiment. C, G␣qdeficient mice completely failed to perform the horizontal ladder test with an irregular stave
pattern. G␣11-deficient mice, in contrast, did not differ significantly from wild-type mice in
their performance in this test. D, In the elevated beam balancing test, G␣11-deficient mice
performed significantly worse than the wild-type mice, as indicated by a sixfold increase in the
number of slips. G␣q-deficient mice, again, were not able to pass this test because they could
not keep their balance on the beam. The bars in B–D represent averages of two trials of four
mice of each genotype. E, In the turning ladder test, the G␣11-deficient mice needed significantly more time to reach an upright position of their body from the reverse starting position
than the wild-type mice. G␣q-deficient mice lacked the ability to adhere to the vertical ladder.
The bar graphs contain data from three trials of four mice of each genotype. Significance was
tested with the ANOVA test ( p ⬍ 0.01).

Hartmann et al. • Gq Proteins in Cerebellar Signaling

Expression levels of G␣q and G␣11 in Purkinje cells
Because G␣q and G␣11 are activated to the same extent by
mGluR1 (see above), the differential effect of the deletion in G␣q
or G␣11, respectively, may be attributable to differences in the
level of expression. To test this hypothesis, we implemented a
quantitative (Liss et al., 2001) real-time PCR approach (Rasmussen, 2001) that we used for total brain and single-cell RT-PCR
analyses (Garaschuk et al., 1996; Plant et al., 1998). To investigate
the expression of G␣q and G␣11 in total brain RNA, we established external standard curves over a large range of concentrations (G␣q, 1000 – 400,000 cDNA copies; G␣11, 500 –100,000
cDNA copies). In wild-type mice, we detected an average of
1596 ⫾ 68 copies of G␣q cDNA per nanogram of total RNA (n ⫽
6 total brain RNA pools; SEM) and 253 ⫾ 21 copies of G␣11
cDNA per nanogram of total RNA (n ⫽ 6 total brain RNA pools;
SEM) (Fig. 7A). In G␣11⫺/⫺ mice, G␣q transcripts were weakly
upregulated (1.26-fold) to 2008 ⫾ 106 cDNA copies per nanogram of total RNA (n ⫽ 6 pools; p ⬍ 0.01). In G␣q⫺/⫺ mice,
the expression level of G␣11 (255 ⫾ 8 cDNA copies per nanogram of total RNA) was similar to that observed in wild-type
mice (Fig. 7A).
For the comparison of the respective expression levels of both
transcripts in Purkinje cells, appropriate external standard curves
were established for the very low copy numbers expected on the
single-cell level (G␣q, 100 –2000 cDNA copies; G␣11, 4 –100
cDNA copies) (Fig. 7C). In wild-type mice, the number of G␣q
cDNA copies/Purkinje cell was 1349 ⫾ 171 (n ⫽ 18 cells; SEM)
(Fig. 7B). In contrast, the expression level of G␣11 in single Purkinje cells was ⬃75-fold lower. Only 18 ⫾ 4 (n ⫽ 17 cells; SEM)
copies of G␣11 cDNA were detected in the same cDNA material
that was used for the G␣q single-cell analysis (Fig. 7B). In
G␣11⫺/⫺ mice, the expression of G␣q was not significantly altered (1180 ⫾ 74 G␣q cDNA molecules/Purkinje cell; n ⫽ 25
cells; SEM). It is important to note that the G␣11 expression levels
of G␣q⫺/⫺ mice (13 ⫾ 4.6 cDNA copies/cell; n ⫽ 21 cells; SEM)
was similar to that found for wild-type mice (see above), indicating the absence of any compensatory upregulation and providing
an explanation for the severe behavioral phenotype.
The evaluation of the relative expression of G␣q and G␣11 on
the protein level by means of antibody precipitation yielded remarkably similar results. Consistent with previous reports
(Tanaka et al., 2000), immunostaining with an anti-G␣q/11 antibody of cerebellar sections of wild-type mice revealed intense
staining in the molecular layer, a region densely packed with
PF–Purkinje cell synapses, as well as scattered staining in the
granule cell layer (Fig. 8 A). Parallel staining of cerebellar sections
of G␣11⫺/⫺ mice and G␣q⫺/⫺ mice with the anti-G␣q/11 antibody enabled investigation of the differential expression of G␣q
and G␣11 proteins in the cerebellum. The pattern of staining
found in cerebellar sections of wild-type mice was preserved in
G␣q⫺/⫺ and G␣11⫺/⫺ mice, indicating that G␣q and G␣11 have
a similar spatial distribution in the cerebellum. However, the
intensity of staining in the molecular layer was severely reduced
in G␣q⫺/⫺ mice compared with wild-type or G␣11⫺/⫺ mice.
The staining intensity in the cerebellar molecular layer of
G␣q⫺/⫺ mice was 57% lower than in wild-type mice and 64%
lower than in G␣11⫺/⫺ mice, respectively (Fig. 8 A) (n ⫽ 3). In
contrast, staining intensity in the granule cell layer was comparable in all mice tested (n ⫽ 3). These data indicate that the G␣q
protein is the dominant Gq subunit compared with G␣11 in cerebellar Purkinje cells.
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Figure 7. Real-time quantitative RT-PCR of G␣q and G␣11 transcripts in mutant and wildtype mice. A, Quantification of G␣q and G␣11 transcripts in whole brain from wild-type, G␣qdeficient, and G␣11-deficient mice. Left, Agarose gel electrophoresis of representative examples of cDNAs obtained after PCR amplification (G␣q amplicons, 724-for/935-rev, 212 bp; G␣11
amplicons, 119-for/403-rev, 285 bp). Standards: G␣q , 2000 cDNA copies; G␣11 , 50 cDNA copies were amplified; the marker is the MassRuler DNA Ladder (Fermentas, St. Leon-Rot, Germany). Right, Bar graph illustrating the average number of cDNA copies per nanogram of total
brain RNA. n ⫽ 6 mRNA pools from two animals; n.d., Not detectable. B, Quantification of the
G␣q and G␣11 isoforms in single Purkinje cells from wild-type, G␣q-deficient, and G␣11deficient mice. Left, Agarose gel electrophoresis of the cDNA obtained after PCR amplification
(above: G␣q amplicons, 86-for/256-rev, 171 bp; below: G␣11 amplicons, 119-for/403-rev, 285
bp). Standards: G␣q , 50 copies; G␣11 , 8 copies were amplified; marker (see A); ACSF was
harvested directly above the slice; RT⫺ is a Purkinje cell control without reverse transcriptase
enzyme added; cells 1–3 are from wild-type animals. Cell 3 shows an example of a single cell
that was positive for G␣q but negative for G␣11. Right, Bar graph illustrating the average cDNA
copy number per single Purkinje cell; copy numbers are determined based on the standard
curves (see C). C, Real-time fluorescence measurements of the amplification of the G␣q (top)
and G␣11 cDNA (bottom). Left, For the absolute quantification of cDNAs, known dilutions of the
corresponding amplicons were amplified and used to form standard curves. Right, Representative examples of the PCR amplification of single Purkinje cells from wild-type mice (n ⫽ 10
cells); only one of five for G␣q or two of five for G␣11 of a Purkinje cell was used for amplification.
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and G␣q as its only members expressed in the brain (Wilkie et al.,
1991; Mailleux et al., 1992).
The results of the present study indicate that G␣11-deficient
mice are similar to wild-type mice with respect to mGluRmediated synaptic Ca 2⫹ signaling. Thus, the time course of the
dendritic Ca 2⫹ transients after repetitive PF stimulation as well as
the composition of these complex responses resembled those
found in control animals (Fig. 2). In contrast to wild-type and
G␣11-deficient mice, in which DSCTs were found in 28 of 33 and
in 20 of 23 inputs, respectively, in G␣q-deficient mice a complex
Ca 2⫹ response was never observed (19 of 19 inputs).

Figure 8. G␣q as the dominating Gq protein in cerebellar Purkinje cells. A, Immunohistochemistry with an anti-G␣q /G␣11 antibody in cerebellar sections in mice of three genotypes, as
indicated. In wild-type and G␣11-deficient mice, the molecular layer, in which the dendritic
trees of the Purkinje cells are located, is intensely stained, whereas in G␣q-deficient mice, only
very weak staining is present in the molecular layer. Mo, Molecular layer; Pu, Purkinje cell layer;
Gr, granule cell layer. Scale bar, 50 m. B, Model for the mGluR1-dependent signal transduction
through G␣q and G␣11 in cerebellar Purkinje cells. Both G␣q and G␣11 are involved in signal
transduction pathways leading from activation of mGluR1 to release of Ca 2⫹ from dendritic
endoplasmic reticulum and/or to a sEPSP. However, the dominating Gq protein in cerebellar
Purkinje cells is G␣q , according to its prevalent expression level compared with G␣11. The
mGluR-mediated slow depolarization in Purkinje cells is G-protein dependent.

Discussion

Our results demonstrate that both Gq isoforms, G␣q and G␣11,
contribute to PF–Purkinje cell synaptic signaling. Both mediate
the coupling of mGluR1 to PLC␤ and thus to the cytosolic production of InsP3 and DAG and, furthermore, both are involved in
the activation of the mGluR-mediated slow depolarization. However, their specific contributions to Purkinje cell synaptic signaling as well as to, presumably, cerebellum-controlled motor behavior display distinct differences.
Synaptic Ca 2ⴙ signaling evoked by activation of mGluRs
In cerebellar Purkinje cells, repetitive PF stimulation evokes a
complex postsynaptic dendritic Ca 2⫹ signal consisting of an early
and a delayed component (termed ESCT and DSCT, respectively) (Takechi et al., 1998). The signal cascade underlying the
occurrence of DSCTs involves activation of a G-protein, followed
by the activation of PLC␤, and, finally, InsP3-mediated Ca 2⫹
release from the dendritic endoplasmic reticulum (Finch and Augustine, 1998; Takechi et al., 1998). It has been reported previously that mGluR1, the mGluR subtype found in Purkinje cells, is
coupled with a G-protein of the Gq family, which includes G␣11

sEPSPs evoked by activation of mGluRs
The first piece of evidence for mGluR-mediated synaptic transmission in Purkinje cells was a slow depolarizing postsynaptic
potential (Batchelor et al., 1994). New evidence indicates that the
membrane conductance change responsible for this sEPSP occurs because of the activation of the cation channel TRPC1 (Kim
et al., 2003). As for the DSCTs, the induction of sEPSPs requires
repetitive PF stimulation. In our experimental conditions, the
generation of sEPSCs needed an approximate three times stronger afferent stimulation (15 pulses at 50 Hz) than that used for the
induction of DSCTs.
The involvement of G-proteins for the activation of the
sEPSCs had been suggested by previous studies (Hirono et al.,
1998; Tempia et al., 1998; Sugiyama et al., 1999; Canepari and
Ogden, 2003), showing that in cerebellar Purkinje cells the
sEPSCs are abolished by GDP␤S, a general inhibitor of
G-proteins, and by GTP␥S, an unhydrolyzable GTP analog. Our
new results suggest that G␣q and, to a lesser extent, G␣11 mediate
the coupling of mGluR1 with TRPC1 (Kim et al., 2003).
It is important to note that in CA3 pyramidal cells of rat hippocampus, mossy fiber stimulation evokes an mGluR1dependent excitatory postsynaptic response independent of
G-protein activation. This mGluR–EPSC was neither affected by
N-ethylmaleimide, an inhibitor of pertussis toxin-sensitive
G-proteins, nor by GDP␤S or GTP␥S. Instead, it was found that
in CA3 hippocampal pyramidal cells mGluR1 activation is linked
to a transient cationic conductance increase through the activation of a Src family tyrosine kinase (Heuss et al., 1999).
Role of G␣11 and G␣q for synaptic signaling and
motor control
Thus far, it had been assumed that the receptors in mammalian
systems do not discriminate between G␣q and G␣11 (Wange et
al., 1991; Wu et al., 1992; Offermanns et al., 1994; Yule et al.,
1999). Figure 1 shows, indeed, that both G-proteins can couple
with mGluR1 with very similar efficiency to inositol phosphate
production when expressed in COS cells. Furthermore, there is
experimental evidence that G␣q and G␣11 activate the same
PLC␤ isoforms with the same efficiency (Taylor and Exton, 1991;
Wu et al., 1992; Hepler et al., 1993). Nevertheless, we found that
only G␣q-deficient mice had altered mGluR responsiveness in
Purkinje cells. The immunohistochemical and the quantitative
PCR results resolve this dilemma by demonstrating that in Purkinje cells the expression levels of G␣q are markedly higher than
those of G␣11. The single-cell PCR results demonstrate that in
individual Purkinje cells the expression of G␣q is up to 75-fold
higher than that of G␣11. Thus, our data provide strong evidence
for an expression level-dependent action of G␣q and G␣11 in
PF-to-Purkinje cell synaptic signaling and LTD as well as in cerebellar motor behavior.
Figure 8 B summarizes our results. We provide for the first
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time evidence that G␣11 is directly involved in Purkinje cell synaptic signaling and in distinct aspects of motor control. Both the
LTD measurements and the behavioral examination revealed alterations of G␣11-deficient mice. These were, especially on the
behavioral level, by far not as severe as those encountered in
G␣q-deficient mice, but nonetheless significant. Whereas G␣q
exerts a powerful control of mGluR-evoked synaptic Ca 2⫹ signaling, activation of G␣11 comes into play during the prolonged
trains of PF stimulation, like those required for the induction of
LTD. Thus, we propose that G␣q and G␣11 control PF-toPurkinje cell transmission during distinct functional states and
may, therefore, enhance the tuning range of cerebellar synaptic
plasticity.
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