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Differential Dependence of Axo-Dendritic and Axo-Somatic
GABAergic Synapses on GABA , Receptors Containing the a1
Subunit in Purkinje Cells
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Synapse formation and maintenance require extensive transsynaptic interactions involving multiple signal transduction pathways. In
the cerebellum, Purkinje cells (PCs) receive GABAergic, axo-dendritic synapses from stellate cells and axo-somatic synapses from basket
cells, both with GABA , receptors containing the a1 subunit. Here, we investigated the effects of a targeted deletion of the a1 subunit gene
on GABAergic synaptogenesis in PCs, using electrophysiology and immunoelectron microscopy. Whole-cell patch-clamp recordings in
acute slices revealed that PCs from a1’ mice lack spontaneous and evoked IPSCs, demonstrating that assembly of functional GABA,,
receptors requires the a1 subunit. Ultrastructurally, stellate cell synapses on PC dendrites were reduced by 75%, whereas basket cell
synapses on the soma were not affected, despite the lack of GABA ,-mediated synaptic transmission. Most strikingly, GABAergic termi-
nals were retained in the molecular layer of adult a1 ”® mice and formed heterologous synapses with PC spines characterized by a well
differentiated asymmetric postsynaptic density. These synapses lacked presynaptic glutamatergic markers and postsynaptic AMPA-type
glutamate receptors but contained 62-glutamate receptors. During postnatal development, initial steps of GABAergic synapse formation
were qualitatively normal, and heterologous synapses appeared in parallel with maturation of dendritic spines. These results suggest that
synapse formation in the cerebellum is governed by neurotransmitter-independent mechanisms. However, in the absence of GABA ,-
mediated transmission, GABAergic terminals in the molecular layer apparently become responsive to synaptogenic signals from PC
spines and form stable heterologous synapses. In contrast, maintenance of axo-somatic GABAergic synapses does not depend on func-
tional GABA,, receptors, suggesting differential regulation in distinct subcellular compartments.
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2004) but not on dendrites, suggesting differential mechanisms
orchestrating inhibitory synapse formation in distinct subcellular
compartments. However, although a match between transmitter
and receptors is essential for synaptic function, transmitter syn-
thesis or release is dispensable for synapse formation and aggre-
gation of postsynaptic proteins (Verhage et al., 2000; Varoqueaux
et al., 2002; Gally and Bessereau, 2003; Harms and Craig, 2005).
Likewise, chronic blockade of neuronal activity or exposure to
GABA , receptor antagonists does not affect postsynaptic aggre-
gation of GABA, receptors (Craig et al., 1994; Studler et al.,
2002). Transsynaptic communication, nevertheless, is necessary

Introduction

The formation of synapses is a complex, multistep process in-
volving reciprocal communication between the presynaptic and
postsynaptic elements (Yamaguchi, 2002; Yamagata et al., 2003;
Washbourne et al., 2004; Sieburth et al., 2005). Several cell adhe-
sion molecules, such as SynCAM and neurexins, can initiate syn-
apse formation, even in non-neuronal cells (Biederer et al., 2002;
Scheiffele, 2003; Yamagata et al., 2003; Chubykin et al., 2005; Sara
et al., 2005). Transsynaptic interactions between neurexin and
neuroligins contribute to specify the neurotransmitter pheno-
type of newly formed synapses (Graf et al., 2004; Prange et al.,

2004; Washbourne et al., 2004; Chih et al., 2005; Levinson et al.,
2005; Nam and Chen, 2005). Finally, members of the L1 family
direct the formation of GABAergic synapses on neuronal somata
and axon-initial segments (Ango et al., 2004; Saghatelyan et al.,
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for proper sorting of receptors at postsynaptic sites, as shown by
clustering of GABA, receptors opposite glutamatergic terminals
in the absence of GABAergic input (Rao et al., 2000; Fritschy and
Briinig, 2003; Anderson et al., 2004). Furthermore, several lines
of evidence suggest that neuronal activity is required for appro-
priate maturation of presynaptic terminals (Chattopadhyaya et
al., 2004), long-term survival of postsynaptic neurons (Verhage
et al., 2000), and maintenance of synaptic contacts (Takeuchi et
al., 2005).

In the present study, we investigated the contribution of func-
tional postsynaptic receptors for presynaptic differentiation of
GABAergic synapses and correct matching of presynaptic and
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Table 1. List of antibodies

Fritschy etal. » Formation of GABAergic Synapses in GABA, Receptor c:1”® Mice

Target protein Species Dilution Source

Calbindin Mouse 1:5000, IMF Swant (Bellinzona, Switzerland)

GABA (glutaraldehyde conjugate) Rabbit 1:1000, EM Sigma (St. Louis, M0)

Glutamate Rabbit 1:1000, EM P. Petrusz (University of North Carolina, Chapel Hill, NC)

52-Glutamate receptor Mouse 1:500, EM M. Watanabe (Hokkaido University School of Medicine, Sapporo, Japan)
AMPA receptor GIuR1 Rabbit 1:50, EM Chemicon (Temecula, CA)

AMPA receptor GluR2/3 Rabbit 1:50, EM Chemicon

Parvalbumin Mouse 1:20,000, IMF; 1:5000, EM Swant

VGLUT1 Rabbit 1:20,000, IMF; 1:100, EM Synaptic Systems (Gottingen, Germany)

VGLUT2 Rabbit 1:5000, IMF; 1:100, EM Synaptic Systems

VIAAT Rabbit 1:5000, IMF; 1:1000, EM Synaptic Systems; Dr. B. Gasnier (Ecole Normale Supérieure, Paris, France)

IMF, Immunofluorescence; EM, immunoelectron microscopy.

postsynaptic specializations. To address this issue, we investi-
gated the cerebellum of mutant mice lacking the GABA , receptor
a1 subunit gene (Vicini et al., 2001), using electrophysiology and
immunoelectron microscopy. Because Purkinje cells (PCs) ex-
press almost exclusively al-GABA, receptors (Laurie et al.,
1992a; Persohn et al., 1992), and because this subunit is essential
for assembling heteromeric GABA , receptor channels (Sur et al.,
2001; Kralic et al., 2002, 2006), we expected that the mutation
would cause a loss of GABA, receptors in PCs. We analyzed the
function, morphology, and postnatal development of GABAergic
synapses in the molecular layer of the cerebellum. The results
show that postsynaptic GABA, receptors are essential for the
long-term maintenance of GABA synapses formed by stellate
cells on PC dendrites, whereas synapses on the soma established
by basket cells remain unaffected by the absence of functional
postsynaptic receptors.

Materials and Methods

Homozygous GABA , receptor a1 subunit knock-out (a1%®) mice were
generated on a mixed C57BL/6]J-129Sv/Sv] background at the University
of Pittsburgh (Pittsburgh, PA) [see Vicini et al. (2001) for characteriza-
tion] and bred at the University of Zurich. a1%° mice and wild-type
littermates were obtained by intercrossing heterozygous mutants or ho-
mozygotes from first-generation (al Hx al ) and (al”° X al1%0)
breeding pairs derived from a1 */° mice. Mutant mice were born at the
expected Mendelian ratio, and their phenotype was maintained across
generations. All analyses were performed in homozygous mutants and
wild-type animals. The experiments had been approved by the local au-
thorities and were performed in accordance with the European Commu-
nity Council Directive (86/609/EEC) and the institutional guidelines of
the Universities of Turin and Zurich.

Electrophysiology. Mice of both sexes aged 10 d (n = 2) and 18-22 d
(n = 12) were deeply anesthetized with enflurane and decapitated. Acute
300-um-thick parasagittal slices containing the cerebellum were pre-
pared with a vibrating microtome (Microm, Volketswil, Switzerland)
and left to recover at least 1 h before measurements (for details, see
Marowsky et al., 2004). Whole-cell patch-clamp recordings from visually
identified PCs were obtained using borosilicate glass pipettes (Clark,
Pangbourne, UK) pulled to 3—4 MQ) resistance. Spontaneous IPSCs and
tonic GABAergic currents were recorded in the presence of 4 mm
kynurenic acid at a —80 mV holding potential with pipettes filled with a
solution containing the following (in mm): 100 CsCl, 2 MgCl,, 0.1 EGTA,
2 MgATP, 0.3 NaGTP, and 40 HEPES (290 mOsm; pH 7.3 adjusted with
CsOH). Events were detected off-line (Synaptsoft, Decatur, GA) with a
detection threshold at three times the rms noise of an event-free interval.
Evoked EPSC/IPSC sequences were recorded with pipettes filled with a
solution containing (in mMm) 130 K-gluconate, 1 EGTA, 10 HEPES, 5
MgATP, 0.5 NaGTP, and 5 NaCl (290 mOsm; pH, 7.3 adjusted with
KOH). Extracellular stimulus electrodes filled with artificial CSF were
placed into the granule cell layer in the vicinity of the patched PC, and
monopolar stimuli (50 ws, up to 60 wA) were applied. Evoked EPSC/
IPSC sequences were measured at holding potentials of —60 and —40

mV. All drugs were purchased from Sigma (Buchs, Switzerland). Statis-
tical significance was assessed using Student’s t test.

Immunofluorescence staining. Juvenile [postnatal day 5 (P5), P7, P10,
P15, and P20; n = 4 per genotype and per time point] and adult (>P60;
n =5 per genotype) mice were deeply anesthetized with Nembutal (50
mg/kg, i.p.) and perfused with a fixative containing 4% paraformalde-
hyde and 0.2% picric acid in 0.15 M phosphate buffer, pH 7.4. The brains
were extracted immediately after the perfusion and postfixed in the same
solution between 4 h (adults) and 36 h (P5). After cryoprotection in 30%
sucrose dissolved in PBS, brains were frozen and cut at 40 wm with a
sliding microtome. Free-floating sections were incubated overnight at
4°C in one of the following mixtures of primary antibodies (Table 1)
diluted in PBS containing 2% normal goat serum and 0.2% Triton
X-100: vesicular inhibitory amino acid transporter (VIAAT)/parvalbu-
min, vesicular glutamate transporter (VGLUT) 1/calbindin, and
VGLUT?2/calbindin. Sections were then washed with PBS, incubated for
30 min at room temperature with corresponding secondary antibodies
coupled to Alexa 488 (Molecular Probes, Eugene, OR) or Cy3 (Jackson
ImmunoResearch, West Grove, PA), washed again, mounted onto gela-
tizined glass slides, air dried, and coverslipped with fluorescence mount-
ing medium (Dako, Carpinteria, CA).

Postembedding immunoelectron microscopy. Juvenile (P10 and P14;
n = 2 per genotype) and adult (n = 5 per genotype) mice were perfused
as above with a fixative additionally containing either 2% (fixative 1) or
0.1% (fixative 2) glutaraldehyde, and brains were postfixed overnight.
Tissue blocks prepared with fixative 1 were washed in phosphate buffer,
postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, dehy-
drated in ethanol, and embedded in Epon 812, as described previously
(Giustetto et al., 1998). Ultrathin sections were collected on nickel grids
and labeled with antibodies to GABA and glutamate (Table 1) (Phend et
al,, 1992). In control experiments, specific detection of GABA was en-
sured by competition of the primary antibodies with 300 um glutamate
and taurine conjugates for 2 h at room temperature (Ottersen et al.,
1986). Tissue prepared with fixative 2 (two adult mice per genotype) was
cryoprotected (1 and 2 M sucrose in phosphate buffer) and rapidly frozen
in liquid propane in a cryofixation unit (KF80; Reichert, Vienna, Aus-
tria). Tissue blocks were then transferred to an automatic freeze substi-
tution system (EM-AFS; Leica, Wetzlar, Germany), freeze-substituted
with methanol, and embedded in Lowicryl HM20 (Hjelle et al., 1994).
Ultrathin sections were collected on adhesive-coated (Electron Micros-
copy Sciences, Ft. Washington, PA) nickel grids (400 mesh) and pro-
cessed for the immunogold method (Matsubara et al., 1996; Sassoe-
Pognetto and Ottersen, 2000). Sections were labeled either for GABA or
VIAAT alone or in combination with antibodies to VGLUT1, VGLUT?2,
AMPA receptor GluR1 or GluR2/3, or the 62-glutamate receptor (Table 1).
Secondary antibodies (1:20) were goat Fab fragments coupled to 10 or 20 nm
colloidal gold particles (British BioCell International, Cardiff, UK).

Pre-embedding immunoelectron microscopy. This procedure was used
for the detection of parvalbumin in tissue from adult mice (fixative 2; n =
2 per gentoype). The cerebellum was dissected and cut into 70 pwm para-
sagittal sections on a vibratome. The sections were cryoprotected in 30%
sucrose and repeatedly frozen and thawed to enhance antibody penetra-
tion. They were then collected in PBS and processed free-floating as
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the molecular layer from two adult mice per
genotype. GABA and glutamate immunogold
labeling was assessed in sections embedded in
Epon, whereas GluR2/3 labeling was quantified

40 mV
—_—-60 mV

in sections embedded in Lowicryl. The percent-
age of GABAergic terminals (recognized by the
presence of pleomorphic synaptic vesicles and
intense immunogold labeling) forming sym-
metric and asymmetric synaptic junctions in
the molecular layer was determined by system-
atically photographing all GABAergic terminals

» sl Ay in four grid squares per animal at a magnifica-
tion 0f 60,000 X (202 terminals in wild-type and

173 in mutant mice). GABA-positive terminals

were readily detected because of the high signal-

100 pA to-noise ratio of GABA immunogold labeling.
100 ms The intensity of glutamate immunogold label-

ing in parallel fiber (PF) terminals, PC spines,
and presumptive GABAergic terminals recog-
nized by their morphology (see Results) was as-
sessed by determining the density of gold parti-
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Figure1.  A-C, Lack of spontaneous (4, B) or evoked (€) IPSCs in PCs from c:1%® mice (47, A2, C7) compared with wild-type
mice (B1, B2, €2) in whole-cell patch-clamp recordings performed in acute slices in the presence of 4 mm kynurenic acid. 4,
Representative traces from low (A7) and high-temporal (42) resolution illustrating the absence of detectable currents in mutant
mice; neither bicuculline, strychnine, nor picrotoxin caused a shift in the holding current. B, Example of traces from wild-type mice
depicting the high frequency of spontaneous currents and their suppression by bicuculline and picrotoxin. Note that coapplication
of strychnine in the presence of bicuculline produced no further effect on spontaneous IPSCs. C, The absence of evoked IPSCs in
mutantsis demonstrated ina PCheld at —60 mV (gray) and at —40 mV (black). In wild type (€2), a typical sequence of EPSC/IPSC
is evident; in 1% (€1), only the EPSCis observed. D, Control recording of a cortical pyramidal cell held at —60 mV (gray) and at
—40mV (black) in a slice from a mutant mouse, demonstrating the presence of a typical sequence of EPSC/IPSC. wt, Wild type;

cereb., cerebellum.

described in detail previously (Giustetto et al., 1998). After incubation at
room temperature in primary (72 h) (Table 1) and secondary (goat anti-
mouse conjugated to biotin, 1:250; Vector Laboratories, Burlingame,
CA) antibodies, the sections were treated with 3,3’-diaminobenzidine,
and the reaction product was silver-intensified and gold-toned. Finally,
the sections were postfixed with 1% osmium tetroxide, dehydrated in
acetone, and flat-embedded in Epon 812 as above.

Data analysis. Immunofluorescence staining was visualized by confo-
cal microscopy (Zeiss LSM-510 Meta; Jena, Germany) using a 100X
objective (numerical aperture, 1.4) and sequential acquisition of separate
channels. The pinhole was set to 1.0 Airy unit for each channel, and stacks
of 12 consecutive confocal sections (512 X 512) spaced by 0.3—0.5 um
were acquired at a magnification of 60—150 nm/pixel using the full dy-
namic range of the photomultiplier. For display, images were processed
with the image analysis software Imaris (Bitplane, Zurich, Switzerland).
Images from both channels were overlaid (maximal intensity projec-
tion), and background was subtracted when necessary. For quantifica-
tion of the density of GABAergic terminals, volumes were reconstructed
from 12 confocal images, and individual terminals were identified as
isolated objects (pixel size, 100 nm; 1 wm? minimal apparent volume and
minimal intensity >90 on an 8-bit gray scale) and counted automatically
(Imaris; Bitplane). Size distribution of VIAAT-positive synaptic profiles was
analyzed in single confocal sections (MCID-MS5; Imaging Research, St.
Catherines, Ontario, Canada). These data were quantified in six to eight
sections per animal (1 = 3 per genotype; Kolmogorov—Smirnov test).

Ultrathin sections were examined in a JEM-1010 electron microscope
(Jeol, Tokyo, Japan) equipped with a side-mounted CCD camera (Mega
View III; Soft Imaging System, Miinster, Germany). For quantification of
immunogold labeling, structures to be analyzed were sampled systemat-
ically in several grid squares (1600 wm?) taken from the middle third of

| 100 pA

100 ms

cles in these structures sampled from 25-30
photographs (magnification, 60,000X) per ge-
notype (n = 2 mutant and 1 wild-type mice).
The intensity of GluR2/3 labeling in asymmet-
ric synapses was assessed in a1 ”’® mice (n = 2)
by counting the number of immunogold parti-
cleslocated in the synaptic junction and located
within 50 nm of the postsynaptic membrane in
a random sample of 278 axo-spinous synapses,
48 asymmetric axo-dendritic synapses, and 66
axo-spinous synapses formed by presumptive
GABAergic terminals. Differences in the distri-
bution of immunogold particles in these three
populations were analyzed using a nonpara-
metric test (95% confidence intervals; Kaplan-
Meier method). Finally, the average number of
basket cell terminal profiles making synapses
on PC bodies was estimated in single sections
processed for GABA immunogold labeling us-
ing a sample of 25 cells sectioned through the nucleolus visualized at a
magnification of 40,000 X in two mice per genotype.

Results

Lack of GABA , receptor-mediated synaptic transmission in
PCs of a1 *® mice

To determine the status of inhibitory neurotransmission in PCs
of 1%° mice, spontaneous and evoked synaptic currents were
recorded in whole-cell patch-clamp experiments from acute
parasagittal slices of the cerebellum (Fig. 1). In PCs from P18—
P22 wild-type mice (n = 12 cells), the persistence of spontaneous
synaptic currents in the presence of 4 mMm kynurenic acid indi-
cated that they were predominantly GABAergic, as reported pre-
viously (Konnerth et al., 1990). When a “high-chloride” internal
solution was used, spontaneous IPSCs (sIPSCs) could be ob-
served at an average frequency of 20.1 = 3.4 Hz and a mean
amplitude of 168 * 88.3 pA (n = 12) (Fig. 1BI1,B2). The fre-
quency and amplitude of sSIPSCs were reduced by >90% (n = 8;
p < 0.01) after application of the competitive GABA, receptor
antagonist bicuculline (10 um); additional application of the gly-
cine receptor antagonist strychnine (1 um) did not affect the
small population of sIPSCs that remained (n = 8; p > 0.5). All
remaining synaptic activity was blocked by the noncompetitive
GABA, receptor antagonist picrotoxin (100 um; n = 8). Thus,
sIPSCs were mediated by GABA, receptors in these cells. No
change in the baseline holding current was observed after
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picrotoxin application, excluding a signif-
icant contribution of tonically active
GABA, receptors to the recordings.

No sIPSCs were detected in recordings
from PCs in P18—P22 a1 mice (n = 18
cells) (Fig. 1A1,A2). The cells did not react
to application of bicuculline (10 um),
strychnine (1 um), or picrotoxin (100 um)
(n = 10). Synaptic transmission in PCs
was analyzed further in EPSC/IPSC se-
quences evoked with extracellular stimu-
lus electrodes. With a low-chloride-
containing internal solution, EPSCs were
detected as inward currents at holding po-
tentials of —60 mV, whereas IPSCs were
measured as outward currents at —40 mV.
In slices from wild-type mice, EPSCs (peak
amplitude, 223 * 58 pA; n = 4) were im-
mediately followed by IPSCs (peak ampli-
tude, —218 = 29 pA; n = 4) (Fig. 1C2).In
slices from a1%° mice, the average EPSC
amplitude was 216 = 115 pA (n = 6).
However, no evoked outward current was
ever observed at a holding potential of
—40 mV; instead, an inward current of
160 = 82 pA (n = 6) was measured (Fig.
1CI). Under these conditions, spontane-
ous EPSCs were not different between ge-
notypes, whereas no spontaneous IPSCs
were detected in slices from a1%® mice
(data not shown). Likewise, no GABA,
receptor-mediated responses could be de-
tected in PCs recorded from two young
mutant mice (P10; n = 5), whereas spon-
taneous and evoked kynurenic acid-
sensitive EPSCs could readily be observed
(data not shown).

As a control, recordings from cortical
pyramidal cells in a1 mice revealed
both evoked and spontaneous IPSCs
(mean EPSC amplitude, 191 £ 32 pA;
mean IPSC amplitude, —204 + 18 pA;n =
3), showing that the inhibitory deficit is
not ubiquitous (Fig. 1D). Again, similar
results were obtained at P10. In summary,
neither tonic inhibition nor phasic IPSCs
were apparent in PCs of a1%° mice.

Abnormal morphology of GABAergic
terminals in the molecular layer

As reported previously (Kralic et al., 2005,
2006), the cerebellum of a1®° mice had a
normal cytoarchitecture, and the mor-
phology of PC bodies, dendrites, and
spines, as visualized by parvalbumin or
calbindin immunofluorescence, was in-
distinguishable from wild type (Fig. 2).

The complete absence of postsynaptic GABAergic inhibition in
PCs afforded a unique opportunity to test whether GABAergic
terminals and synapses are affected in a1 ®° mice. Confocal mi-
croscopy imaging of VIAAT immunofluorescence revealed the
presence of GABAergic terminals in both genotypes, which ap-
peared larger in a1 ”’° mice, notably in the inner molecular layer,
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Figure 2. Abnormal morphology of GABAergic but not glutamatergic terminals in the molecular layer of o1%° mice. 4, B,
Confocal microscopy images of VIAAT immunofluorescence in wild-type (4) and a1 (B) adult mice. Each panel shows a single
confocallayer. In a1 *® mice, VIAAT-positive terminals appear larger in the deeper molecular layer. €, Cumulative size distribution
analysis of VIAAT-positive terminals revealing that mutants have a significantly greater proportion of large terminals (Kolmog-
orov—Smirnov test, p << 0.005; n = 3 per genotype). The bottom panels depict the automatic identification of VIAAT-positive
terminals (gray beads) in three-dimensional reconstruction images used for quantification of terminal density. No significant
difference was found in mutant compared with wild-type (wt) mice (see text). D, E, Double immunofluorescence staining for
parvalbumin (green) and VIAAT (red) in the cerebellum of adult wild-type (D) and a1 %0 (E) mice (stack of 12 confocal sections
spaced by 0.3 um) depicting the presence of numerous terminals on the soma and proximal dendrites of PCs. The terminals
appear yellow because they are colabeled for parvalbumin and VIAAT. Note that the VIAAT-positive terminals appear larger in
mutant mice. F, G, Double immunofluorescence staining for calbindin (green) and VGLUT2 (red) in the cerebellum of adult
wild-type (F) and a1%° (G) mice (stack of 5 confocal sections spaced by 0.4 m); the morphology of PC dendrites and spines is
similar in both genotypes. CF terminals labeled for VGLUT2 retain their characteristic distribution along dendrites. Scale bars, 20 um.

just above the PC layer (Fig. 2A, B). Using double staining with
parvalbumin to label PC dendrites, VIAAT-positive terminals
frequently were apposed to PC proximal dendrites and sur-
rounded PC somata in both genotypes (Fig. 2D, E). They ap-
peared more heterogeneous in size in mutant mice; a significant
difference in the mean cross-section area was evident by cumu-
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Figure 3.  Ultrastructural characterization of GABAergic terminals in the molecular layer of o1 % mice. A, A typical GABA-positive
terminal (10 nm gold particles) makes asymmetricsynapse (arrowheads) on a PC dendrite. B, Normal morphology of a basket cell terminal
labeled for GABA (20 nm gold particles) contacting a PC soma; arrowheads mark two small symmetric synapses. €, A GABA-positive
terminal (labeled with 20 nm gold particles) makes a heterologous, asymmetric synapse with a PCspine. In the vicinity, an unlabeled PF
terminal makes asymmetric synapses with two spines. A portion of a PC dendrite is visible in the bottom right comer. D, VIAAT-positive
terminal (10 nm gold particles) making heterologous, asymmetric synapses with four PCspines in the plane of the section; note the large
size of such aberrant terminals. £, Normal morphology and parvalbumin labeling of two basket cell terminals making symmetric synapses
(arrowheads) on a PC body, which is also parvalbumin positive. F, Pre-embedding immunoperoxidase staining for parvalbumin in a
terminal making heterologous asymmetric synapses with three PC spines. G, Quantification of the distribution of GABA-positive profiles
(postembedding immunogold labeling with 10 nm gold particles) forming symmetric or asymmetric synapses in ultrathin sections of
wild-type and mutant mice (n = 2 animals per genotype). Note that GABA-positive profiles forming asymmetric synapses represent the
large majority of synaptic profiles in mutant mice. Scale bars, 300 nm. GT, GABAergic terminal; BF, basket cell terminal; sp, spine.

lative probability distribution analysis (Fig. 2C) ( p < 0.005; Kol-
mogorov—Smirnov test). However, the numerical density of ter-
minals, as determined quantitatively in the middle of the
molecular layer, was unchanged between genotypes (494 * 24
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terminals/10,000 um? in wild-type mice
versus 510 * 44 in mutant mice; n = 3 per
genotype; NS). As a control, the distribu-
tion and staining pattern of glutamatergic
terminals (Hioki et al., 2003) was appar-
ently not affected, as verified by visual as-
sessment for PFs with VGLUT1— (data
not shown) and climbing fibers (CFs) with
VGLUT2 immunoreactivity (Fig. 2F, G).

Presence of heterologous synapses in
the molecular layer of a1 *® mice
Ultrastructurally, GABAergic presynaptic
profiles were identified by immunogold
labeling for GABA (Fig. 3A-C). In wild-
type mice, these terminals formed sym-
metric synapses apposed to a dendritic
shaft or a cell body (data not shown). Such
synapses were also seen in mutant mice
(Fig. 3A, B). The GABA labeling intensity,
judged by the density of gold particles, was
similar in both genotypes. A quantitative
analysis in sections from two mice per ge-
notype showed, unexpectedly, that 74% of
GABAergic terminals forming a synapse in
the molecular layer of mutant mice were
associated with PC spines containing a
characteristic asymmetric postsynaptic
specialization (Fig. 3C; see Fig. 3G for
quantification). The GABA-positive ter-
minals establishing asymmetric junctions
were unusually large and contacted several
spines (up to nine in a single ultrathin sec-
tion). They were distributed throughout
the molecular layer, in good correlation
with the immunofluorescence data (Fig.
2B). The GABAergic phenotype of these
terminals forming heterologous synapses
was confirmed by immunogold labeling
for VIAAT, which was readily observed in
large profiles forming asymmetric syn-
apses with multiple PC spines (Fig. 3D). As
expected, VIAAT immunogold labeling
also was prominent in terminals forming
symmetric synapses, such as basket cell
terminals surrounding the cell body of PC
(data not shown), and it was absent from
glutamatergic structures.

The formation of heterologous syn-
apses by GABAergic terminals was selec-
tive for the molecular layer, because sym-
metric synapses on PC somata (Fig. 3B)
were not affected by the mutation. The av-
erage number of basket cell terminals sur-
rounding PC bodies ranged between 17.5
and 19 in wild-type mice and between 19
and 20.5 in a1 mice (n = 25 cells sam-
pled in two animals per genotype). Simi-
larly, asymmetric synapses established by

PFs and CFs retained their normal morphology, confirming that
no major reorganization of excitatory inputs to PCs occurs in
a1 mice. These results suggest that, in the absence of func-
tional synaptic GABA, receptors in PCs, GABAergic terminals
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Figure 4.  Absence of presynaptic glutamatergic markers in large terminals forming heterologous synapses with spines carrying 52-type, but not AMPA-type, glutamate receptors in cr1%° mice. 4,

Differential labeling intensity for glutamate (10 nm gold particles) in GABAergic and glutamatergic profiles, as illustrated for weakly labeled large terminals contacting two spines and adjacent PF terminals,
which contain a higher density of gold particles. Note that PC spines contain a similar low labeling as the aberrant terminal. B, Quantification of the density of glutamate immunogold (Figure legend continues)
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are impaired selectively in the molecular layer and form heterol-
ogous synapses with PC spines.

Stellate cells provide most of the inhibitory input to PC den-
drites. To determine whether “aberrant” terminals originate
from these cells, immunostaining for parvalbumin, which is
strongly expressed in stellate cells, was performed. Numerous
terminals forming heterologous synapses in the molecular layer
were labeled for parvalbumin (Fig. 3F), although unlabeled ter-
minals were also detected, possibly because of the limited pene-
tration of antibodies. The normal morphology and distribution
of basket cell terminals in mutant mice, which also express parv-
albumin, was confirmed by visual assessment in this material
(Fig. 3E).

Heterologous synapses are not glutamatergic

Immunogold labeling for glutamate (Fig. 4 A, B) and its vesic-
ular transporters, VGLUT1 and VGLUT 2 (Fig. 4C-D), was
then used to determine whether profiles forming heterologous
synapses express a dual GABAergic/glutamatergic phenotype.
To distinguish the neurotransmitter pool from the metabolic
pool of glutamate, the density of immunogold particles was
compared quantitatively in a population of glutamatergic pre-
synaptic profiles (PF terminals), in PC spines, and in profiles
forming heterologous synapses identified by the presence of at
least two synaptic contacts with spines (Fig. 4A). Although the
latter sample could include some CF or PF terminals, the re-
sults show that the average immunogold labeling in these ab-
errant profiles was similar to that of PC spines (Fig. 4 B) and
less than half that of PF terminals, suggesting that aberrant
terminals do not use glutamate for neurotransmission. Fur-
thermore, the intensity of glutamate labeling in PF terminals
was comparable in mutant and wild type (Fig. 4F), indicating
that no major compensation takes place at this level. These
findings were confirmed by the observation that VGLUT2 im-
munogold labeling was present exclusively in CF terminals
(Fig. 4C) and VGLUT!1 labeling was present exclusively in PF
terminals (Fig. 4D,D"). Double labeling with VIAAT directly
demonstrated the mutual exclusion of vesicular glutamate and
GABA transporters within single terminals in both genotypes
(Fig. 4C,D).

Next, we investigated whether PC spines postsynaptic to
GABA-positive terminals express glutamate receptors. Double-
immunogold labeling revealed that the 62-glutamate receptor,
which is selectively located at PF synapses on PC spines
(Takayama et al., 1995), was present in the vast majority of spines
apposed to both PFs and aberrant terminals labeled for GABA
(Fig. 4E) or VIAAT (Fig. 4 F), as determined by visual inspection
in sections from two mice per genotype. This result suggests that
the expression and postsynaptic targeting of §2-glutamate recep-
tors is not dependent on the presynaptic transmitter phenotype.
In contrast, labeling for the AMPA-type glutamate receptor
GluR2/3 subunit revealed that asymmetric synapses formed by

<«

J. Neurosci., March 22, 2006 - 26(12):3245-3255 * 3251

VIAAT-positive, aberrant terminals were devoid of GluR2/3 la-
beling (Fig. 4G), whereas the majority of those formed by PF
terminals were labeled (Fig. 4G’). A quantitative analysis was
therefore performed in single-labeled sections from two a1%°
mice (Fig. 4H). A significant difference was found in the distri-
bution of GluR2/3 immunogold labeling in heterologous syn-
apses (81% of which were not labeled), and only 2% contained a
maximum of two immunogold particles and asymmetric syn-
apses formed by PFs either on spines (62% contained between 1
and 11 gold particles) or on dendritic shafts (96% contain be-
tween 1 and 13 gold particles) (Fig. 4H). A weak labeling for
GluR1 was detected in both genotypes, located occasionally in
asymmetric synapses formed by PFs.

GABAergic synapses are correctly assembled at initial stages
of synaptogenesis

The results so far reveal in a1”® mice a differential alteration
of GABAergic terminals formed by stellate and basket cells
onto PC dendrites and cell bodies, respectively. To determine
whether the absence of GABA, receptor-mediated neuro-
transmission affects maturation of GABAergic terminals and
formation of symmetric synapses in the molecular layer or
alters synapse maintenance in the adult cerebellum, we as-
sessed by visual inspection the development of GABAergic
synapses during ontogeny. The results are based on visual
observation of sections from four animals per age and per
genotype. Littermates derived from heterozygous breedings
were used to minimize variability. VIAAT-positive terminals
were seen first at P5 in the nascent molecular layer (data not
shown), and their density increased rapidly thereafter follow-
ing the maturation of PC dendrites. At P7, PCs became
strongly immunoreactive for parvalbumin, as seen in all ani-
mals, but only few dendritic spines were evident. GABAergic
terminals typically were apposed to PC dendrites and somata,
as seen by double immunofluorescence with parvalbumin in
wild-type (Fig. 5A,A’) and in a1%° (Fig. 5B,B’) mice. Clear
evidence for axo-dendritic appositions could readily be ob-
tained by three-dimensional reconstruction of high-
magnification images (Fig. 5A",B"). At P21, GABAergic inner-
vation of PC somata and proximal dendrites was extensive in
both genotypes (Fig. 5C,D). The distribution of VIAAT-
positive terminals in the molecular layer was similar in both
genotypes, although they appeared slightly larger in mutants,
notably in the vicinity of PC somata. Altogether, these quali-
tative observations suggest that the development of GABAer-
gic innervation of PC somata and proximal dendrites is not
impaired in mutant mice.

To determine whether GABAergic terminals form symmet-
ric synapses onto developing PC dendrites and somata,
postembedding immunogold labeling for GABA was per-
formed in P10 and P14 mice (n = 2 per age and per genotype)
(Fig. 5SE-M). At P10, a prominent staining for GABA was

Figure 4.

(Figure legend continued) labeling in PF terminals compared with aberrant axon terminals and PC spines in two mutants and one wild-type (WT) mouse. In both mutants, the density

of gold particlesin aberrant terminals is comparable to that of PCspines and ~60% lower than in PF terminals sampled on the same grids. Note that in PFs and PCspines, the labeling density is similar
in the three animals sampled. Error bars indicate SE. C, Segregated labeling of VIAAT (20 nm gold particles) in a terminal making a heterologous asymmetric synapse on a spine and VGLUT2 (10 nm
gold particles) in a CF terminal recognized by its electron-dense ultrastructure, also making an asymmetric synapse with a spine (arrow). D, D', Segregated labeling of VIAAT (20 nm gold particles)
in large terminals making heterologous asymmetric synapses with spines and VGLUT1 (10 nm gold particles) in neighboring PF terminals. E, Labeling of 62-glutamate receptors (10 nm gold
particles) in spines that establish synapses with either a PF terminal (arrowhead) or a GABA-positive terminal (20 nm gold particles; arrow). F, Identification of 52-glutamate receptors (10 nm gold
particles) in the postsynaptic density of spines contacted by an aberrant terminal labeled for VIAAT (20 nm gold particles). G, G’, Lack of GluR2/3 subunit labeling in asymmetric synapses formed by
an aberrant terminal labeled for VIAAT (20 nm gold particles), in contrast to those formed by PF terminals (arrowhead in G"). H, Differential distribution of immunogold particles for the GluR2/3
subunit in asymmetric synapses formed by PFs on spines, CFs on dendrites, and aberrant terminals on spines; data are pooled from two ar1%° mice. Scale bars, 300 nm. GT, Terminal; sp, spine.
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observed in PC dendrites and spines,
whereas PF terminals were immunon-
egative, as expected (Fig. 5E, G). Basket
cell terminals around PC somata were
readily recognized in both mice of each
genotype, but the synaptic contacts were
small and less discernable than in older
animals (Fig. 5H). Axo-dendritic, sym-
metric synapses formed by terminals la-
beled for GABA were rare but could be
observed in both mice of each genotype
(Fig. 5F,G). In al 90 mice, only a single
heterologous synaptic contact between a
GABAergic terminal and a spine, both
strongly labeled for GABA (Fig. 5K),
could be detected in sections from two
P10 animals (in a sample of >200
GABA-labeled terminals examined in
sections from two animals). At P14, ma-
ture axo-somatic (Fig. 5I) and axo-
dendritic (Fig. 5/) symmetric synapses
were evident in both «1%° mutant and
wild-type mice. Spine density was much
increased in the molecular layer, and, in
mutant mice, GABA-positive terminals
forming asymmetric synapses with
spines were readily observed (Fig.
5L,M) besides unlabeled PF terminals
making similar synapses (Fig. 5L), as ex-
pected. These results suggest that the ini-
tial steps of GABAergic synapse forma-
tion are unperturbed in «l 90 mice,
although heterologous synapses appear
in parallel with spine differentiation.

Discussion

The present results reveal major alter-
ations of GABAergic synapses in PCs in the
absence of detectable GABA, receptor
function. Although initial steps of synapse
formation on PC proximal dendrites and
cell bodies appear unaffected in «l®°
mice, as assessed by visual inspection, the
majority of GABAergic terminals in the
molecular layer of adult mice form heter-
ologous, asymmetric synapses with spines
expressing 82-type, but lacking AMPA-
type, glutamate receptors. As a conse-
quence, the number of GABAergic syn-
apses on PC dendrites is strongly reduced
in adult animals, whereas perisomatic syn-
apses are retained. Therefore, a1-GABA,
receptors in PCs are required to prevent
formation of heterologous synapses and
for long-term maintenance of axo-
dendritic, but not axo-somatic, synapses.
Furthermore, differentiation of the
postsynaptic density in spines and expres-
sion of 62-glutamate receptors are inde-
pendent of the presynaptic partner,
whereas AMPA receptors require gluta-
matergic transmission for synaptic target-
ing. Thus, the differentiation and long-
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Figure 5.  Normal formation of GABAergic synapses and delayed appearance of heterologous synapses in the developing
cerebellum of a1 ”° mice. A, B, Double immunofluorescence staining for parvalbumin (green) and VIAAT (red) in the cerebellum
of P7 wild-type (4,A’) and mutant (B, B’) mice. At low magnification, VIAAT terminals are evident in the deep molecular layer and
appear closely apposed to PC dendrites in both genotypes (A, B). At high magnification, three-dimensional reconstructions of
confocalimage stacks confirm the direct apposition of VIAAT-positive terminals onto PC dendrites (arrowheads; A", wild type; B’,
a1”®mouse; P7). These panels depict x—y, y—z, and x—z projections of up to 12 confocal layers spaced by 0.3 wm; the side panels
show the corresponding cross section at the level indicated by the white triangles. €, D, At P21, the GABAergic innervation of PCs
appears similar to that seen in adult mice (see Fig. 2), with VIAAT-positive terminals being larger in mutant (D) than in wild-type
(€) mice. E-M, Postembedding immunoelectron microscopy for GABAin P10 wild-type (E, F), P10 1% (G, H, K),and P14 o1 *"°
(I,J, L, M) mice. Note that PC spines are strongly labeled for GABA at P10 (E, F) and much less so at P14 (L, M). Asymmetric
synapses formed by GABA-negative, presumptive PFs onto spines and dendrites are evident in both genotypes (E, G; arrows); in
addition, axo-dendritic symmetric synapses formed by GABA-positive terminals are present at both P10 and P14 (F, G, J; arrow-
heads). Likewise, basket cell terminals (BT) forming symmetric synapses are readily recognized in mutant mice (H, I). K, A
heterologous, asymmetric synapse formed by a GABA-positive terminal with a spine, also labeled for GABA, in a section froma P10
1" mouse. L, M, These structures became more evident at P14, with the presence of GABAergic terminals forming asymmetric
synapses either with a single spine (L) or with multiple spines (M ). Note that synaptic contacts between PF terminals and spines
were present in the same sections (L). Scale bars: (in B, D) A-D, 20 pum; E-M, 300 nm. wt, Wild type; sp, spine; GT, GABA-positive
terminal.
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term maintenance of presynaptic and postsynaptic elements in
the cerebellum is primarily cell autonomous.

In agreement with previous studies of acutely dissociated PCs
(Sur et al., 2001; Kralic et al., 2005), al subunit gene deletion
results in complete loss of spontaneous and evoked IPSCs in PCs
recorded from juvenile mice. No such alteration was observed in
the cerebral cortex, as expected (Bosman et al., 2005). Further-
more, no picrotoxin-sensitive tonic currents were detected to
compensate for the absence of synaptic GABA, receptors in PCs.
GABAj receptors are abundant in PC spines (Fritschy et al., 1999;
Kulik et al., 2002), where they modulate type 1 metabotropic
glutamate receptors independently of GABA (Hirono et al., 2001;
Tabata et al., 2004). Although activation of GABAy receptors
could have been conceivable at heterologous synapses, our patch-
clamp recordings provided no evidence for GABAy-mediated
events in PCs from mutant mice (data not shown). Therefore,
GABAj, receptors do not seem to compensate for the loss of
GABA , receptors.

PCs start expressing al-GABA, receptors during late fetal
stages (Laurie et al., 1992b; Fritschy et al., 1994), before the de-
velopment of basket and stellate cell synapses (McLaughlin et al.,
1975; Ango et al., 2004; Takayama and Inoue, 2005), and are not
known to express other a subunit variants during ontogeny (Lau-
rie et al., 1992b). These findings are confirmed here by the ab-
sence of detectable spontaneous and evoked IPSCs in PCs from
P10 a1 ”° mice. The initial formation of morphologically normal
GABAergic synapses in juvenile mutant mice indicates that the
absence of GABA, receptor-mediated signaling does not impair
synaptogenesis. Furthermore, the normal distribution of gluta-
matergic terminals positive for VGLUT1 and VGLUT2 showed
that the formation of glutamatergic synapses is also not affected
in the absence of GABAergic transmission. In particular, the
activity-dependent elimination of supernumerary CFs (Rabacchi
et al., 1992; Hashimoto et al., 2001) likely takes place during
development of 1 *° mice, suggesting that global network prop-
erties are primarily normal in the maturing molecular layer.

Ultrastructurally, the presence of heterologous synapses be-
tween presynaptic GABAergic terminals and postsynaptic spines
carrying a well differentiated postsynaptic density is a striking
morphological feature in the molecular layer of mutant mice,
which was seen in all animals examined. Prominent labeling for
GABA and VIAAT and the absence of presynaptic markers of
glutamatergic transmission demonstrates the GABAergic nature
of these terminals. Differentiation of the postsynaptic density in
spines contacted by GABAergic terminals therefore occurs inde-
pendently of the nature of the presynaptic partner. However,
AMPA and 82-glutamate receptors exhibit a strikingly different
dependence on glutamatergic transmission for synaptic targeting
and/or maintenance. The near complete absence of GluR2/3 sub-
unit labeling selectively in heterologous synapses indicates that
AMPA receptors are regulated by presynaptic signals. A global
downregulation is excluded by the labeling seen opposite PF ter-
minals. A switch between GluR2, the main AMPA receptor sub-
unit expressed by adult PCs (Lambolez et al., 1992; Martin et al.,
1993), and GluR1 is also unlikely, in view of the low labeling for
the latter subunit in both genotypes. Our results therefore ex-
clude a major change in AMPA receptor expression to compen-
sate for the lack of GABAergic function in PCs and underscore
the importance of glutamatergic transmission for synaptic target-
ing of AMPA receptors. The function of 62-glutamate receptors
remains elusive. During development, their presence in PC
spines is regulated by PF terminals (Takayama et al., 1997). In
turn, these receptors are required for synapse stabilization and
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long-term preservation of PF terminals (Takeuchi et al., 2005).
Our results indicate that 62-glutamate receptors are stabilized
also at heterologous synapses formed by GABAergic terminals,
strengthening the concept that several aspects of synapse forma-
tion and maintenance are transmitter independent.

Heterologous synapses have been reported previously in the
cerebellar cortex of reeler mice, which lack granule cells and, con-
sequently, PF terminals (Wilson et al., 1981), and in nodding
mice, characterized by a delayed maturation of PC spines (Sotelo,
1990). In a1° mice, the appearance of heterologous synapses
paralleled the formation of dendritic spines, suggesting that these
structures provide a synaptogenic signal for GABAergic terminals
that is sufficient for synapse formation in the absence of GABAer-
gic transmission. Thus, there might be a competition between PC
dendrites and spines for synapse formation with stellate cell ax-
ons. GABA ,-mediated synaptic transmission is crucial for main-
taining correctly matched symmetric synapses and avoiding the
formation of heterologous synapses. The fact that GABA , recep-
tors are dispensable for initial synapse formation finds a clear
parallel at the neuromuscular junction, where the postsynaptic
apparatus can initially develop in myotubes devoid of acetylcho-
line receptors, although the receptors are needed for the full dif-
ferentiation of the synaptic junction (Marangi et al., 2001).

The formation of heterologous synapses on dendritic spines
affects symmetric GABAergic synapses on PC dendritic shafts but
not somata. This finding reveals a principal difference in the
maintenance of the two types of synapses. However, a marker
distinguishing between stellate and basket cell terminals would be
required to know which cell type makes the axo-dendritic syn-
apses found in adult mice. Basket cell terminals preferentially
express the hyperpolarization-activated cyclic nucleotide-gated
cation channel subunit HCN1 (Lujan et al., 2005). HCN1 stain-
ing of the basket cell pinceau targeting the axon-initial segment
was unaffected in a1 mice, but it was not detectable in individ-
ual terminals on proximal dendrites (our unpublished observa-
tions), precluding any conclusion about their distribution in mu-
tant mice. However, because the remaining symmetric synapses
on PC dendrites were distributed across the entire thickness of
the molecular layer, it seems rather unlikely that they represent
ectopic basket cell synapses. Therefore, the localization, rather
than the origin, of axo-dendritic synapses determines their lim-
ited stability in a1 mice

Several mechanisms can explain the differential requirement
of GABA, receptors for long-term stabilization of axo-dendritic
and axo-somatic synapses. It is possible that terminals in the
molecular layer are subject to more intense competition with
dendritic spines than basket cell terminals targeted toward PC
somata. In addition, recent evidence demonstrated the role of
ankyrin G for proper targeting and differentiation of basket cell
synapses on the soma and axon-initial segment of PCs (Ango et
al., 2004). Transsynaptic interactions involving adhesion mole-
cules might be sufficient for long-term maintenance of axo-
somatic synapses. Another possible mechanism involves differ-
ential signaling by the neurexin—neuroligin complex. As
mentioned in the Introduction, these proteins have been impli-
cated in synapse formation and transmitter specification. In par-
ticular, neuroligin 2 is selectively clustered in GABAergic syn-
apses in the adult brain (Varoqueaux et al., 2004) and contributes
to their formation during development by binding to presynaptic
B-neurexin (Graf et al., 2004; Chih et al., 2005). In PCs, neuroli-
gin 2 is present in somatic and dendritic GABAergic synapses
(Varoqueaux et al., 2004), suggesting at first that it does not ac-
count for the differential maintenance of basket and stellate cell
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synapses in a1”° mice. However, recent studies revealed that
isoforms of neuroligins interacting with both - and B-neurexins
play distinct roles in synapse formation and maintenance (Bou-
card et al., 2005). To resolve these issues, it will be important to
analyze the subcellular distribution of neuroligin 2 in PCs in
relation to synaptogenesis in a1’ mice.

Phenotypically, a1 mice represent a novel genetic model of
essential tremor, which responds well to drugs used in patients
affected by this disorder (Kralic et al., 2005). Although the cause
of the tremor in mutant mice is not established, the deficit in
GABAergic transmission affecting PCs might play a key role. In-
deed, in contrast to a1 ”° mice, destruction of Golgi cells, leading
to hyperactivity of granule cells, causes severe ataxia and impair-
ment of motor coordination (Watanabe et al., 1998), whereas
increased CF activity potentiates GABAergic inhibition and in-
duces impairment in motor learning and motor coordination
(Ohtsuki et al., 2004). The present study suggests that essential
tremor is caused by a subtle deficit affecting cerebellar output,
which might potentially be corrected therapeutically by increas-
ing GABAergic inhibition onto PCs.
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