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Abstract  36 

Cerebellar Golgi cells (GoCs) efficiently control the spiking activity of granule cells through 37 

GABAA receptor-mediated tonic and phasic inhibition. Recent experiments provided compelling 38 

evidence for the extensive interconnection of GoCs through electrical synapses, but their chemical 39 

inhibitory synaptic inputs are debated. Here, we investigated the GABAergic synaptic inputs of 40 

GoCs using in vitro electrophysiology and quantitative light- (LM) and electron microscopy (EM). 41 

We characterized GABAA receptor-mediated IPSCs in GoCs and Lugaro cells (LuCs) and found 42 

that IPSCs in GoCs have lower frequencies, smaller amplitudes and much slower decay kinetics. 43 

Pharmacological and LM immunolocalization experiments revealed that GoCs express α3, whereas 44 

LuCs express α1 subunit-containing GABAA receptors. The selective expression and clustered 45 

distribution of the α3 subunit in GoCs allowed the quantitative analysis of GABAergic synapses on 46 

their dendrites in the molecular layer (ML). EM and LM experiments in rats, wild type and GlyT2-47 

GFP transgenic mice revealed that only one third of axon terminals establishing GABAergic 48 

synapses on GoC dendrites contain GlyT2, ruling out LuCs, globular cells and any non-cortical 49 

glycinergic inputs as major inhibitory sources. We also show that axon terminals of stellate/basket 50 

cells very rarely innervate GlyT2-GFP-expressing GoCs, indicating that only a minority of the 51 

inhibitory inputs to GoCs in the ML originates from local interneurons, and the majority of their 52 

inhibitory inputs exclusively releases GABA. 53 

 54 

 55 
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Significance Statement 56 

Golgi cells are essential for controlling the activity of granule cells in the cerebellum by releasing 57 

the inhibitory neurotransmitter GABA, but very little is known about the sources of their own 58 

inhibition. We used functional and morphological techniques to demonstrate that the inhibitory 59 

postsynaptic receptors on Golgi cells are unique among the cell types in the cerebellar cortex, and 60 

used these unique GABAA receptors to visualize GoC inhibitory synapses and their presynaptic 61 

inputs. This study extends our understanding of cerebellar microcircuits by demonstrating that only 62 

a minority of the inhibitory inputs to Golgi cells originate from GABAergic cells of the cerebellar 63 

cortex.  64 

  65 
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Introduction 66 

The essential role of GoCs in higher cerebellar functions was elegantly demonstrated by Watanabe 67 

et al. (1998) by showing severe deficits in motor coordination following their selective 68 

pharmacological ablation. To understand the way these GABAergic interneurons (INs) fulfill their 69 

roles in circuit dynamics, their intrinsic properties and synaptic inputs and outputs need to be 70 

quantitatively determined. GoCs are located in the granule cell layer (GCL) of the cerebellar cortex 71 

and comprise a molecularly heterogeneous population of cells (Vincent et al., 1985; Ohishi et al., 72 

1994; Neki et al., 1996; Singec et al., 2003; Simat et al., 2007). Despite this heterogeneity, their 73 

classifying morphological features are an axonal arborization restricted to the GCL and a 74 

characteristic dendritic arbor that extends into the molecular layer (ML; Eccles et al., 1967; Palay 75 

and Chan-Palay, 1974). Although there are additional GABAergic INs in the GCL (LuCs and 76 

globular cells), GoCs provide the sole source of GABAergic inhibition to granule cells (GrCs) and 77 

efficiently control the spiking activity of GrCs through GABAA receptor-mediated tonic and phasic 78 

inhibition (Brickley et al., 1996; Farrant and Nusser, 2005; Silver, 2010).  Golgi cells receive feed-79 

forward and feed-back excitatory inputs from mossy fibers and parallel fibers in the GCL and ML, 80 

respectively (Eccles et al., 1967; Dieudonne, 1998; Vos et al., 1999; Kanichay and Silver, 2008). It 81 

is also widely accepted that they are richly interconnected through electrical synapses (Dugue et al., 82 

2009; Vervaeke et al., 2010), underlying the synchronization or desynchronization of spontaneously 83 

active GoC networks.  84 

Based on the location of GoC dendrites in all layers of the cerebellar cortex, all GABAergic cells 85 

that have axonal arbors in the cortex could, in principle, provide GABAergic synaptic inputs to 86 

GoCs. Synaptic GABAergic inhibition onto GoCs has historically been assumed to arise from ML 87 

INs (MLIs; i.e. stellate and basket cells), based on the EM observation of symmetric synapses onto 88 

GoC dendrites (Palay and Chan-Palay, 1974) and the presence of IPSCs following electrical 89 

stimulation in the ML (Dumoulin et al., 2001).  However, a recent study using selective light-90 

mediated activation of MLIs expressing channelrhodopsin2 challenged this view by demonstrating 91 
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a lack of functional connectivity between MLIs and GoCs (Hull and Regehr, 2012). Several studies 92 

have reported the lack of chemical inhibitory connectivity between GoCs, ruling this out as the 93 

major source of their inhibitory inputs (Dieudonne, 1998; Dugue et al., 2009; Vervaeke et al., 94 

2010), although some connectivity among GoCs has been reported (Hull and Regehr, 2012). 95 

Dieudonne and Dumoulin (2000) demonstrated that the application of serotonin (5-HT) evokes 96 

action potential-dependent mixed GABAergic and glycinergic IPSCs in GoCs, which are likely to 97 

arise from LuCs.  Lugaro cells are GCL INs with horizontal dendritic arbors running parallel with 98 

the Purkinje cell layer (PCL) and axons arborizing mainly in the ML and to a lesser extent in the 99 

GCL.  LuCs have been shown to form synapses onto IN dendrites in the ML (Laine and Axelrad, 100 

1998), but little is known about their exact postsynaptic target cells or their presynaptic inputs, apart 101 

from the presence of calbindin-immunoreactive boutons surrounding their somata that were 102 

assumed to be Purkinje cell local axon collaterals (Laine and Axelrad, 2002; Simat et al., 2007).  103 

Considerable variability has been observed in the morphological features of GCL INs.  In addition 104 

to GoCs and LuCs, globular and candelabrum cells have also been discerned (Laine and Axelrad, 105 

1994; Hirono et al., 2012). There is also heterogeneity among GoCs; five subtypes have been 106 

identified based on soma size and molecular content (e.g. glycine transporter type 2 (GlyT2), 107 

GAD67, mGluR2, neurogranin; Simat et al., 2007), but the functional consequences of this 108 

heterogeneity are unknown. Because LuCs, globular and most GoCs express GlyT2, we have used 109 

mice in which eGFP is expressed by bacterial artificial chromosome insertion under the control of 110 

the GlyT2 promoter (Zeilhofer et al., 2005) as a marker to investigate the inhibitory inputs and 111 

outputs of GCL INs. 112 

 113 

  114 
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Materials and Methods 115 

Animals. Male and female mice heterozygous for the bacterial artificial chromosome insertion of 116 

enhanced green fluorescent protein (eGFP) under the control of the glycine transporter type 2 gene 117 

(Zeilhofer et al., 2005; henceforth GlyT2-GFP mice), wild-type C57Black6J mice (henceforth WT 118 

mice) and Wistar rats were sacrificed by decapitation, in accordance with local laws and with the 119 

ethical guidelines of the Authors' University. 120 

Acute slice preparation.  GlyT2-GFP mice (n = 30, mean age 26.7 ± 5.2 days) were deeply 121 

anesthetized with isoflurane (Abbott Laboratories). After decapitation, the brain was removed and 122 

placed into a sucrose-based ice-cold artificial cerebrospinal fluid (ACSF) containing the following 123 

(in mM): 230 sucrose, 2.5 KCl, 25 glucose, 1.25 NaH2PO4, 24 NaHCO3, 4 MgCl2, and 0.5 CaCl2, 124 

bubbled continuously with 95% O2 and 5% CO2, resulting in a pH of 7.4. In order to investigate the 125 

factors contributing to the spontaneous activity of GoCs, we conducted experiments from two male 126 

Wistar rats (age 20 and 21 days) using the above solution, and also two GlyT2-GFP mice (age 25 127 

days - male, and age 26 days - female), two male WT mice (age 21 and 24 days) and three male 128 

Wistar rats (age 18, 19 and 24 days) using a different, K-gluconate-based ice-cold cutting solution. 129 

This contained the following (in mM): 130 K-gluconate, 15 KCl, 0.05 EGTA, 20 HEPES, 25 130 

glucose, 3 kynurenic acid, pH adjusted to 7.4 with NaOH. In all cases, parasagittal slices from the 131 

cerebellar vermis were cut at 250 μm thickness with a Vibratome (VT1000S; Leica) and were 132 

stored in ACSF containing the following (in mM): 126 NaCl, 2.5 KCl, 25 glucose, 1.25 NaH2PO4, 133 

24 NaHCO3, 2 MgCl2, and 2 CaCl2, bubbled continuously with 95% O2 and 5% CO2, resulting in a 134 

pH of 7.4. After a 30 min recovery period at 33°C, slices were further incubated at room 135 

temperature until they were transferred to the recording chamber.  136 

Electrophysiological recordings. Somatic whole-cell recordings were performed at 26.7 ± 0.9°C 137 

using IR-DIC on an Olympus BX51WI microscope with a 40x water-immersion objective. All 138 

voltage- and current-clamp recordings were performed using a mixed K-gluconate- and KCl-based 139 

intracellular solution containing the following (in mM): 65 K-gluconate, 70 KCl, 2.5 NaCl, 1.5 140 
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MgCl2, 0.025 EGTA, 10 HEPES, 2 Mg-ATP, 0.4 Mg-GTP, 10 creatinine phosphate, and 8 biocytin, 141 

pH = 7.33, 270–290 mOsm. The reversal potential for chloride ions was calculated as -15.3 mV 142 

(http://www.physiologyweb.com/calculators/nernst_potential_calculator.html). All recordings were 143 

performed in ACSF in the presence of 3 mM kynurenic acid to inhibit ionotropic glutamate 144 

receptors. We investigated the spontaneous neuronal activity of GoCs recorded from Wistar rats and 145 

WT mice prepared using both cutting solutions, and in GlyT2-GFP mouse slices cut in the K-146 

gluconate-based solution, for 3 minutes in cell-attached mode prior to attaining the whole-cell 147 

configuration. A series of constant hyper- and depolarizing current pulses with incremental 148 

amplitudes was applied to each cell in order to elicit voltage responses and supra-threshold action 149 

potential firing patterns. Continuous DC currents were not applied to cells to maintain them at a 150 

specified membrane potential. For voltage-clamp recordings of miniature IPSCs (mIPSCs) at a 151 

holding potential of -70 mV, 1 μM tetrodotoxin (TTX; Alomone Laboratories) was either included 152 

in the ACSF or washed into the bath. After establishing the whole-cell configuration and allowing 153 

for a 2 min stabilization period, a period of 4 min was recorded for each cell (‘baseline’). For 154 

pharmacological experiments, the perfusion solution was changed to one containing ACSF, 100 nM 155 

2',4-Difluoro-5'-[8-fluoro-7-(1-hydroxy-1-methylethyl)imidazo[1,2-a]-pyridin-3-yl]-[1,1'-156 

biphenyl]-2-carbonitrile (TP003; Tocris) or 100 nM zolpidem (Sigma). After a 12 min period of 157 

drug equilibration, a second 4 min period (‘steady-state’) was recorded. In a subset of recordings, 158 

the drug solution was then changed to one containing the drug plus SR95531 (20 μM; Sigma). In 159 

some experiments, spontaneous IPSCs (sIPSCs) were recorded for 1 minute after establishing the 160 

whole-cell configuration, and then TTX was washed into the bath. All recordings were performed 161 

with MultiClamp 700A and 700B amplifiers (Molecular Devices). Patch pipettes were pulled 162 

(Universal Puller; Zeitz-Instrumente Vertriebs) from thick-walled borosilicate glass capillaries with 163 

an inner filament (1.5 mm outer diameter, 0.86 mm inner diameter; Sutter Instruments). Data were 164 

digitized online at 20 kHz and filtered at 3 kHz with a low-pass Bessel filter. For voltage 165 

recordings, membrane potential values (RMP, steady-state responses used to calculate the input 166 
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resistance and the Sag ratio i.e. ratio of peak versus steady state of the hyperpolarizing voltage 167 

response) uncorrected for liquid junction potential were measured manually; action potential 168 

properties (threshold, amplitude, etc.) were detected using a custom-made software written in 169 

Python (AP threshold was defined as the voltage at which the first derivative of the voltage trace 170 

reaches 10% of its peak; AP amplitude was defined as the difference between the AP threshold 171 

voltage and the most depolarized voltage of the AP; AHP amplitude was defined as the difference 172 

between the AP threshold voltage and the most hyperpolarized voltage of the AP). For current 173 

recordings, individual mIPSCs were detected as inward current changes above a variable threshold 174 

for 1.2 ms, referenced to a 2.5 ms baseline period, and analyzed offline using EVAN 1.5 (Nusser et 175 

al., 2001). The detection thresholds were similar between cell types (Golgi: 1.78 ± 0.23 pA, range 176 

0.5 - 3.0 pA; Lugaro: 2.14 ± 0.24 pA, range 1.5 - 3.0 pA). Traces containing overlapping synaptic 177 

currents in their decaying phase were discarded from the analysis of decay times. Access resistance 178 

(Ra) was subject to 70% compensation and was continuously monitored. If Ra changed >20% 179 

during the recording, the cell was discarded from the analysis. All recordings were rejected if the 180 

uncompensated Ra became > 20 MΩ. After recordings, slices were fixed in 0.1 M phosphate buffer 181 

(PB) containing 2% paraformaldehyde (PFA; Molar Chemicals) and 15 v/v% picric acid (PA) for 182 

24 h before post hoc visualization of the biocytin-filled cells.  183 

Post hoc visualization of biocytin-filled cells.  Slices were washed several times in 0.1 M PB, 184 

embedded in agar, and re-sectioned at 60 μm thickness with a Vibratome. Sections were then 185 

washed in Tris-buffered saline (TBS), blocked in TBS containing 10% normal goat serum (NGS) 186 

for 1 h, and then incubated in TBS containing rabbit anti-GFP (1:1000; Millipore), 2% NGS and 187 

0.1% Triton X-100 overnight at 24oC. Sections were then washed three times in TBS, incubated in 188 

TBS containing Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:500; Life Technologies), Cy3-189 

conjugated streptavidin (1:500; Jackson ImmunoResearch), 2% NGS and 0.1% Triton X-100 for 2 190 

h, followed by washing and mounting on glass slides in Vectashield (Vector Laboratories). In some 191 

cases, other primary antisera were used: mouse anti-GFP (1:1000; NeuroMAb) and rabbit anti-192 
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calbindin IgGs (1:1000, Swant), and the secondary antisera used were Alexa Fluor 488-conjugated 193 

goat anti-mouse (1:500; Life Technologies) and Cy5-conjugated goat anti-rabbit (1:500; Jackson 194 

ImmunoResearch) IgGs. Images were acquired using a confocal laser scanning microscope 195 

(FV1000; Olympus) with a 20x (numerical aperture (NA) = 0.7) or a 60x (NA = 1.35) objective. Z-196 

stack images were acquired for cell identification, morphological reconstruction and quantification 197 

with the Neurolucida system (Micro-BrightField). The axons of MLIs were fully reconstructed from 198 

the point where they emerged from the soma, and markers were placed at axonal varicosities.  199 

Immunofluorescent reactions and quantification.  Male adult (n = 4, age 70 days, for neurogranin 200 

immunolabeling) or juvenile (n = 2, age 21 and 28 days, for GlyT2 immunolabeling) GlyT2-GFP 201 

mice, three male adult WT mice (age 35, 35 and 68 days) or two male adult Wistar rats (both age 42 202 

days, for GlyT2 immunolabeling) were anesthetized initially with isoflurane, followed by Ketamine 203 

(www.vetcentre.com; 0.5ml/100g body weight; intraperitoneal injection), and were then 204 

transcardially perfused with 0.9% saline for 2 min followed by 2% PFA in 0.1 M sodium acetate 205 

buffer (pH = 6.0) for 15 minutes. The cerebella were dissected and then washed three times in PB. 206 

Vibratome sections were cut at 60 μm. All sections were then washed in TBS, followed by blocking 207 

in TBS containing 10% NGS for 1 h. The sections were then incubated in a solution containing 208 

single or mixtures of primary antisera made up in TBS containing 0.1% Triton X-100 and 2% NGS 209 

overnight at 24oC. Next, sections were incubated in appropriate secondary antisera made up in TBS 210 

containing 2% NGS for 2 h, then washed and mounted in Vectashield (Vector Laboratories). The 211 

following primary and secondary antisera were used for experiments illustrated in Fig. 3A-B: rabbit 212 

anti-GABAAR α3 (1:1000; Synaptic Systems) and Alexa488-conjugated goat anti-rabbit (1:500; 213 

Invitrogen/Molecular Probes); guinea-pig anti-neuroligin-2 (1:500; Frontier Institute) and Cy3-214 

conjugated donkey anti-guinea pig (1:500; Jackson ImmunoResearch); mouse anti-GABAAR β3 215 

(1:1000; Neuromab) and Cy5-conjugated goat anti-mouse (1:1000; Jackson ImmunoResearch). The 216 

following primary and secondary antisera were used for experiments illustrated in Fig. 3C-E: mouse 217 

anti-GFP (1:1000; NeuroMAb) and Alexa488-conjugated goat anti-mouse (1:500; 218 
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Invitrogen/Molecular Probes); guinea pig anti-GABAAR α3 subunit (1:500; Synaptic Systems) and 219 

Cy3-conjugated donkey anti-guinea pig (1:500; Jackson ImmunoResearch); rabbit anti-neurogranin 220 

(1:1000; Millipore) and Cy5-conjugated goat anti-rabbit (1:1000; Jackson ImmunoResearch). The 221 

following primary and secondary antisera were used for experiments illustrated in Fig. 5: guinea pig 222 

anti-GlyT2 (1:5000; Millipore) and Cy3-conjugated donkey anti-guinea pig (1:500; Jackson 223 

ImmunoResearch); rabbit anti-GABAAR α3 subunit (1:1000; from Prof. W. Sieghart, Vienna, 224 

Austria) and Cy5-conjugated goat anti-rabbit (1:500; Jackson ImmunoResearch). Z-stack images 225 

were acquired in a random manner using a confocal laser scanning microscope (FV1000) with a 226 

20x or a 60x objective. Golgi cell dendrites were reconstructed and GABAAR α3 immunoreactive 227 

puncta were indicated by markers using the Neurolucida software. Two adjacent edges and the 228 

upper focal plane were used as exclusion boundaries for stereological optical disector counting of 229 

markers. The number of markers divided by the volume of the confocal stack was used to calculate 230 

synapse density estimates. 231 

Electron microscopy. Female adult GlyT2-GFP mice (n = 5, age 38.4 ± 10.5 days) were 232 

anesthetized initially with isoflurane inhalation, followed by Ketamine, and then transcardially 233 

perfused with 0.9% saline for 2 min followed by a fixative containing 4% PFA and 15 v/v% PA in 234 

0.1 M PB with either 0%, 0.01% or 0.1% glutaraldehyde for 15-30 min. The cerebella were then 235 

washed three times in PB and Vibratome sections were cut at 70 μm. Sections were cryoprotected 236 

in 10% sucrose in PB for 1 hour and then 30% sucrose overnight at 4oC followed by freezing in 237 

liquid nitrogen and thawing in PB. Sections were then treated with 1% H2O2 in PB for 10 minutes, 238 

incubated with mouse anti-GFP IgG (1:500, NeuroMAb) diluted in TBS with 2% NGS overnight at 239 

24oC, followed by biotinylated goat anti-mouse (1:50, Vector Laboratories) antibody diluted 1:50 in 240 

TBS with 2% NGS for 2 h, and then an avidin-biotin complex (ABC; Vector Laboratories) diluted 241 

in TBS overnight at 24oC, and then with 3_3-diaminobenzidine tetrahydrochloride (DAB; 0.05% 242 

solution in Tris buffer, pH 7.4) as chromogen and 0.01% H2O2 as oxidant for 2 min. Sections were 243 

then postfixed in 1% OsO4 for 20 min, stained with 1% uranyl acetate for 25 min, dehydrated in a 244 
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graded series of ethanol and embedded in epoxy resin (Durcupan). Sections were re-embedded, and 245 

serial sections were cut at 70 nm thickness using an ultramicrotome (Ultracut; Leica Microsystems) 246 

and collected onto copper pioloform-coated slot grids. Sections were viewed using a JEOL1011 247 

microscope, and digital images of all labeled profiles present in a section were captured with a 248 

cooled CCD camera (Cantega G2 camera, Olympus Soft Imaging Solutions GmbH). 249 

Statistical procedures. All data are expressed as mean ± standard deviation throughout this 250 

manuscript. All statistical comparisons were made with Statistica 11 software (Scientific 251 

Computing). Intrinsic electrical properties datasets failing the Shapiro–Wilk normality test were 252 

compared using the non-parametric Mann-Whitney U test; data passing this test were compared by 253 

one-way parametric ANOVA. Comparisons of data pertaining to the spontaneous firing of GoCs in 254 

the three different genotypes were made using either a non-parametric Kruskal-Wallis test or a one-255 

way parametric ANOVA, according to the results of the Shapiro-Wilk normality tests. sIPSC and 256 

mIPSC properties and GABAAR pharmacology data passed the Shapiro–Wilk normality test and 257 

were compared by one-way parametric ANOVA, with ACSF ‘baseline’ and drug ‘steady state’ 258 

conditions in the same cells treated as repeated measures (rm-ANOVA). Where appropriate, data 259 

were further assessed by conducting a post hoc test (Tukey’s unequal n honestly significant 260 

difference post hoc test: Tukey’s unequal n; or the Kruskal-Wallis multiple comparisons test). 261 

Differences were considered significant if p < 0.05. 262 

 263 

  264 
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Results 265 

Because GFP is expressed in distinct types of GABAergic INs of the GCL in GlyT2-GFP mice 266 

(GoCs, LuCs and globular cells; Zeilhofer et al., 2005; Simat et al., 2007) and their cell type-267 

specific features cannot be easily identified in acute slices due to the high density and extensive 268 

overlap among the numerous GFP-containing axonal and dendritic processes, we post hoc identified 269 

all of our recorded and biocytin-filled INs. We successfully recovered 39 neurons with sufficient 270 

amounts of axons and dendrites for unequivocal identification as either GoCs (n = 30; Fig. 1A) or 271 

LuCs (n = 9; Fig. 1B). GoCs had somata of variable sizes, several basal dendrites and apical 272 

dendrites crossing the PCL and ramifying to different extents in the ML. Their axons extensively 273 

arborized in the GCL. LuCs had horizontally elongated somata and dendrites running parallel with 274 

and under the PCL in the GCL, and a sparsely ramifying axon in the ML. The axons of LuCs were 275 

frequently truncated. Neither globular cells nor LuCs with somatic locations deep in the GCL were 276 

present in our sample. 277 

Differences in GoCs (n = 30) and LuCs (n = 9) responses to hyper- and depolarizing current 278 

injections were readily observed (Fig. 1A,B). Quantitative comparisons indicated that current 279 

rheobase was significantly larger (98.0 ± 58.0 pA vs. 30.0 ± 21.2 pA; p = 0.0002, Mann-Whitney U 280 

test) and input resistance was significantly lower (207.0 ± 89.8 MΩ vs. 556.3 ± 239.5 MΩ; p = 281 

0.0001, Mann-Whitney U test; Fig. 1C) in GoCs versus LuCs. Action potential (AP) parameters 282 

also varied between cell types: GoCs had a significantly more negative AP threshold (-35.8 ± 4.1 283 

mV vs. -29.7 ± 5.9 mV; p = 0.0041, Mann-Whitney U test), larger AP amplitude (56.6 ± 8.0 mV vs. 284 

42.6 ± 6.6 mV; p = 0.00003, One-way ANOVA) and larger afterhyperpolarization amplitude (25.3 285 

± 4.8 mV vs. 20.3 ± 2.7 mV; p = 0.0059, One-way ANOVA; Fig. 1C) than LuCs. In contrast, the 286 

resting membrane potential (-69.0 ± 7.7 mV vs. -72.4 ± 9.1 mV; p = 0.34, One-way ANOVA) and 287 

sag ratio (ratio of peak versus steady state of the hyperpolarizing voltage response; 1.08 ± 0.09 vs. 288 

1.03 ± 0.03; p = 0.46, Mann-Whitney U test; Fig. 1C) were not significantly different between 289 

GoCs and LuCs. However, by far the most reliable difference between the two cell types was the 290 
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much higher frequency of spontaneous synaptic potentials in LuCs (Fig. 1A,B; see also Hirono et 291 

al., 2012).  292 

We therefore recorded sIPSCs and mIPSCs from a subset of these GoCs (n = 12) and LuCs (n = 7) 293 

in the whole-cell voltage-clamp mode. All data passed the Shapiro-Wilk test and was compared 294 

with a rm-ANOVA followed by Tukey’s unequal n when appropriate. Spontaneous IPSCs were 295 

significantly less frequent (0.4 ± 0.2 Hz vs. 10.9 ± 5.0 Hz; p = 0.0002), significantly smaller in 296 

amplitude (10.5 ± 3.1 pA vs. 21.1 ± 7.2 pA; p = 0.0033) and had a significantly larger mean 297 

weighted decay time constant (τw; 20.3 ± 10.1 ms vs. 5.5 ± 0.6 ms; p = 0.0042) in GoCs compared 298 

to LuCs, consistent with our qualitative assessment based on current-clamp recordings. Application 299 

of TTX had a minimal effect on the frequency of IPSCs in GoCs (reduced to 0.3 ± 0.2 Hz; n = 12, p 300 

= 1.00), but significantly reduced the frequency in LuCs (reduced to 6.6 ± 3.1 Hz; n = 7, p = 301 

0.0026). In contrast, neither IPSC peak amplitude (10.3 ± 2.7 pA for GoCs; 21.7 ± 7.2 pA for LuCs; 302 

p = 0.52, rm-ANOVA) nor τw (21.6 ± 7.7 ms for GoCs; 5.5 ± 0.6 ms for LuCs; p = 0.69, rm-303 

ANOVA) were significantly affected for either cell type. The lack of TTX effect on the frequency 304 

of IPSCs in GoCs suggests that a large fraction of cell bodies providing the inhibitory inputs to 305 

GoCs was either spontaneously silent or was present outside of our in vitro slice. In contrast, LuCs 306 

receive inhibitory inputs from at least one spontaneously active local source, consistent with the 307 

results of Hirono et al. (2012). 308 

Several studies have reported the presence or absence of spontaneous spiking activity of GoCs in 309 

acute slices (Dieudonne, 1998; Forti et al., 2006; Dugue et al., 2005, 2009; Hirono et al., 2012; 310 

Vervaeke et al 2010; Rudolph et al., 2015) and suggested that the lack of spontaneous activity might 311 

reflect deficiencies in the quality of the slices (Rudolph et al., 2015). In our initial dataset in GlyT2-312 

GFP mice, we observed that only 7% of GoCs (2/30) displayed spontaneous activity, whereas 313 

spontaneous firing was not observed in LuCs. We investigated GoC spontaneous spiking activity in 314 

more detail by using two different cutting solutions (sucrose- or K-gluconate-based) and compared 315 

GlyT2-GFP mouse, WT mouse (C57Black6J) and Wistar rat GoCs, measuring the spontaneous 316 
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firing frequencies in the cell-attached configuration for 3 minutes prior to attaining the whole-cell 317 

configuration. We found that the occurrence of spontaneous activity was low in GoCs from GlyT2-318 

GFP (21%; 6/28 cells) and WT (13%; 1/8 cells) mouse slices cut in K-gluconate (median and 319 

maximum frequencies in GlyT2-GFP: 0 Hz and 0.58 Hz; in WT: 0 Hz and 2.16 Hz). In contrast, 320 

Wistar rat GoCs frequently exhibited spontaneous activity, either using sucrose- (69%; 9/13 cells) 321 

or K-gluconate-based (79%; 11/14 cells) cutting solutions (median and maximum frequencies: 322 

sucrose: 2.9 Hz and 9.9 Hz; gluconate: 3.2 Hz and 11.3 Hz). When we quantitatively analysed the 323 

data from slices prepared with the K-gluconate solution across genotypes, the mean spontaneous 324 

frequency of rat GoCs (3.4 ± 3.1 Hz, n = 14) was significantly higher than that found in both 325 

GlyT2-GFP and WT mouse GoCs (0.1 ± 0.2 Hz, n = 15; p = 0.0048 and 0.3 ± 0.8 Hz, n = 8; p = 326 

0.0023, respectively, Kruskal-Wallis multiple comparisons post-hoc test).  327 

We also measured the frequency, peak amplitude and kinetic parameters of sIPSCs and found no 328 

significant differences between genotypes for any of these measured parameters (e.g. sIPSC τw; rat, 329 

21.0 ± 11.1 ms; GlyT2-GFP mouse, 24.4 ± 10.0 ms; WT mouse, 27.6 ± 9.3 ms; p = 0.15, one-way 330 

ANOVA), which were very similar to those found in GlyT2-GFP mouse GoCs prepared using the 331 

sucrose-based cutting solution (see above). All of these data taken together indicate species-specific 332 

variability in the spontaneous activity of GoCs in acute slices, but our data does not rule out any 333 

additional mechanism.  Because the τw of sIPSCs in GoCs recorded from GlyT2-GFP mice, WT 334 

mice and rats were very similar, we performed most of the following experiments in GlyT2-GFP 335 

mice.  336 

The large difference in the decay time constant of mIPSCs between GoCs and LuCs indicates either 337 

a different contribution of GABAergic and glycinergic components to the IPSCs, a different subunit 338 

composition of the postsynaptic receptors or differences in dendritic filtering of the synaptic 339 

currents. To test the first possibility, we applied the selective GABAAR antagonist SR95531 (20 340 

μM) and observed a complete block of mIPSCs in both GoCs and LuCs (Fig. 2A), indicating that 341 

the presynaptic inhibitory cells either release only GABA that activates postsynaptic GABAARs, or 342 
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if they co-release GABA and glycine, then glycine does not activate postsynaptic glycine receptors 343 

in these cells at this time point of development. To investigate potential differences in the subunit 344 

composition of postsynaptic GABAARs in the two cell types, we analyzed the pharmacological 345 

properties of mIPSCs in GoCs and LuCs (Fig. 2B,C).  346 

We found that 100 nM zolpidem, a selective positive allosteric modulator for α1 subunit-containing 347 

GABAAR at this concentration, enhanced the mIPSC τw selectively in LuCs (from 6.0 ± 0.7 ms to 348 

8.5 ± 1.4 ms, n = 4; p = 0.0039; rm-ANOVA then Tukey’s unequal n), whereas 100 nM TP003, a 349 

positive allosteric modulator specific for α3 subunit-containing GABAAR, prolonged the mIPSC τw 350 

selectively in GoCs (from 18.1 ± 6.1 ms to 21.4 ± 8.5 ms, n = 8; p = 0.0091; rm-ANOVA then 351 

Tukey’s unequal n). There was no significant effect of zolpidem or TP003 on the frequency or 352 

amplitude of mIPSCs in either cell type (Fig. 2C). The fast decay times of mIPSCs in LuCs is also 353 

consistent with postsynaptic α1β2γ2 subunit-containing GABAARs, whereas the four-fold slower 354 

decay time of mIPSCs in GoCs is consistent with α3 subunit-containing receptors (Eyre et al., 355 

2012). We also fitted exponentials to the decay of individual mIPSCs recorded from GoCs and 356 

LuCs and found that the distributions differed significantly (p < 0.0001; Mann-Whitney U test) 357 

between the two cell types (Fig. 2B). In addition, the mean 10-90% rise times of mIPSCs in LuCs 358 

(0.6 ± 0.1 ms) and GoCs (1.2 ± 0.6 ms) were comparable to those recorded from neuronal 359 

populations expressing either only α1 or only α3 as α subunits, respectively (Eyre et al., 2012), 360 

suggesting the lack of a major effect of dendritic filtering on the differences in τw between these two 361 

cell types. 362 

Given the apparently selective expression of the GABAAR α3 subunit by GoCs, we performed 363 

immunofluorescent labeling to investigate GABAergic synapses on GoCs. Immunofluorescent 364 

experiments following low pH-mediated antigen retrieval indicated that the α3 subunit was present 365 

in the cerebellar cortex as intensely fluorescent clusters.  These clusters were much less frequent 366 

than those labeled for neuroligin-2 or the GABAAR α1, β2, β3 or γ2 subunits. Triple labeling 367 

experiments revealed that the α3 subunit immunopositive clusters were also immunoreactive for the 368 
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GABAAR β3 subunit, the usual β subunit partner of the α3 subunit, and for neuroligin-2, indicating 369 

that these clusters correspond to GABAergic synapses in both the ML (Fig. 3A) and the GCL (Fig. 370 

3B). Many of the neuroligin-2 puncta were not labeled for the α3 or β3 subunits, representing the 371 

much more abundant inhibitory synapses on Purkinje cell dendrites and on MLIs that express 372 

mainly the α1 and β2 subunits. Next, we performed immunofluorescent labelling for the α3 subunit 373 

in GlyT2-GFP mice, and colocalized this with neurogranin, a marker selective for a subpopulation 374 

of GoCs. Immunofluorescent reactions for the α3 subunit revealed punctate labelling of the GCL 375 

and ML in GlyT2-GFP mice, similar to WT mice and rats, and demonstrated that these clusters 376 

were associated with both GlyT2-GFP-expressing and neurogranin immunopositive dendrites (Fig. 377 

3C-F). Quantification of the α3 subunit immunopositive puncta in the ML of lobule 8 in GlyT2-378 

GFP mice revealed that 36.0% of all α3 positive puncta were associated with dendrites expressing 379 

GlyT2-GFP (0.48 x 106 puncta per mm3), but only 15.8% of these puncta had an adjacent, 380 

presynaptic GlyT2-GFP-expressing axon-like structure (Fig. 3C-F). In contrast, quantification 381 

indicated that 11.0% of all α3 positive puncta were associated with dendrites immunoreactive for 382 

neurogranin. In these dendrites, 41.2% of the α3 positive puncta were associated with presynaptic 383 

GlyT2-GFP-expressing axonal structures (Fig. 3C-F), demonstrating that axons synapsing onto 384 

neurogranin-labeled GoCs are more likely to express GlyT2-GFP. This difference was also evident 385 

when we quantified the labelling in lobule 5: 19.0 % of all observed α3 puncta were associated with 386 

dendrites expressing GlyT2-GFP, of which 32.5% had an adjacent, presynaptic GlyT2-GFP-387 

expressing axon-like structure, whereas 11.2% of all α3 puncta were associated with dendrites 388 

immunoreactive for just neurogranin, of which 71.1% had an adjacent, presynaptic GlyT2-GFP-389 

expressing axon-like structure. In addition, 10.6% of all observed α3 puncta were associated with 390 

dendrites expressing both GlyT2-GFP and neurogranin, of which 72.3% had an adjacent, 391 

presynaptic GlyT2-GFP-expressing axon-like structure.  392 

We observed that, in lobule 8, 32.3% of all α3 puncta were associated with GlyT2-GFP-expressing 393 

structures that could not be unambiguously categorized as dendrites, and the remaining 20.7% of 394 
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puncta were not associated with either GlyT2-GFP-expressing or neurogranin immunoreactive 395 

structures. These values were similar in lobule 5; 49.3 % of all observed α3 positive puncta were 396 

associated with ambiguous GlyT2-GFP-expressing profiles, and 9.9% were not associated with 397 

either GoC marker. This is likely to be the consequence of incomplete labelling of GoC dendrites 398 

with neurogranin or GFP due to the extremely mild chemical fixation required for the selective, 399 

synaptic labelling of the α3 subunit.  400 

We also reconstructed the dendrites of the labelled GoCs and calculated the density of α3 positive 401 

puncta associated with a GlyT2-GFP-expressing axon-like structure or not. In lobule 8, for GlyT2-402 

GFP-expressing dendrites, there were 19 and 102 α3 positive puncta per mm of GoC dendrite with 403 

and without GlyT2-GFP-expressing inputs, respectively. For neurogranin immunoreactive 404 

dendrites, there were 35 and 50 α3 positive puncta per mm dendrite with and without GlyT2-GFP-405 

expressing inputs, respectively. In lobule 5, for GlyT2-GFP-expresing dendrites, there were 26 and 406 

53 α3 positive puncta per mm dendrite with or without GlyT2-GFP-expressing inputs, respectively. 407 

Finally, for neurogranin immunoreactive dendrites in lobule 5, there were 70 and 26 α3 positive 408 

puncta per mm dendrite with and without GlyT2-GFP inputs, respectively (Fig. 3F). These data 409 

indicate that although there may be subtle regional differences within the cerebellar cortex, the 410 

majority of GABAAR α3 subunit-containing synapses on GlyT2-GFP-expressing dendrites do not 411 

have a GlyT2-GFP-expressing presynaptic partner. In contrast, the proportion of GlyT2-GFP-412 

expressing inputs onto neurogranin immunoreactive GoCs is substantially higher, consistent with 413 

the finding of a recent report demonstrating that these cells receive a selective GlyT2-expressing 414 

input from deep cerebellar nuclei (DCN) neurons (Ankri et al., 2015). 415 

Next, we performed another set of experiments for estimating the proportion of GlyT2-GFP-416 

expressing inputs onto GlyT2-GFP-expressing GoC dendrites. We used an immunoperoxidase 417 

reaction for GFP and processed the sections for EM (GlyT2-GFP-DAB). We systematically 418 

sampled the ML in lobule 8 of GlyT2-GFP-DAB reactions and analyzed 117 dendritic profiles at 419 

the ultrastructural level. The vast majority of synaptic contacts onto GlyT2-GFP-DAB dendrites 420 
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were asymmetric and were characteristic of glutamatergic parallel fiber synapses (546 out of 570 421 

boutons, 95.8%; 553 out of 578 synapses, 95.7%; Fig. 3G). Of the 24 boutons forming symmetrical 422 

synapses onto GlyT2-GFP-DAB dendrites, 20 boutons were not labelled for GlyT2-GFP-DAB (Fig. 423 

3H,I).  Only four appositions (16.6%) between GFP-expressing axons and GFP-expressing 424 

dendrites were observed; three formed synapses with one active zone (AZ) each and one formed a 425 

synaptic contact with two AZs onto the target dendrite (Fig. 3J).  426 

We also observed and examined a total of 54 GlyT2-GFP-DAB boutons, out of which 39 (72.2%) 427 

formed 44 AZs onto MLI dendrites and 11 (20.4%) established 18 AZs onto MLI somata (Fig. 4A-428 

C); the remaining 4 boutons contacted GlyT2-GFP-DAB dendrites, as detailed in the previous 429 

paragraph. We never observed synapses onto Purkinje cell dendrites or spines, even though the 430 

GlyT2-GFP-DAB axons were sometimes observed to come into direct contact with these structures 431 

(Fig. 4D).  We also observed six instances of contacts between GlyT2-GFP-DAB labelled dendrites, 432 

three of which had puncta adherentia-like membrane specializations and potential electrical 433 

synapses, although these were difficult to unequivocally identify in our material. In summary, these 434 

data corroborate our LM observations, indicating that the majority of inhibitory inputs onto GlyT2-435 

GFP-expressing GoCs in the ML do not originate from GlyT2-GFP-expressing axons. 436 

The GlyT2-GFP mouse line is subject to mosaic expression of the transgene, resulting in a variable 437 

degree of GFP expression in glycinergic cells (Husson et al., 2014). In order to test whether the low 438 

proportion of α3 positive puncta facing GlyT2-GFP-expressing terminals is the consequence of an 439 

incomplete expression of the GFP in glycinergic cells, we used an immunofluorescent reaction for 440 

GlyT2 to label glycinergic terminals irrespective of their GFP content in the cerebellar cortex of rats 441 

and mice, and combined this with immunofluorescent labeling for the α3 subunit (Fig. 5). 442 

Quantification of the immunoreaction indicated that only a minority of α3 subunit immunoreactive 443 

puncta was apposed by GlyT2 immunoreactive varicosities (28.5% in Wistar rat, 31.3% in WT 444 

mouse, 33.8% in GlyT2-GFP mouse; Fig. 5B). Conversely, approximately half or less of all GlyT2 445 

immunoreactive terminals were facing α3 subunit immunoreactive puncta (27.0% in Wistar rat, 446 
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40.7% in WT mouse, 55.4% in GlyT2-GFP mouse). These results add further evidence for a lack of 447 

glycine/GlyT2 in the majority of inhibitory inputs to GoC dendrites located in the ML. 448 

As neither Purkinje nor GoC axons arborize in the ML, the most obvious cells giving rise to GlyT2-449 

GFP negative GABAergic axons that could, in principle, innervate GoC dendrites in the ML are 450 

MLIs. Because the existence of MLI to GoC connections is debated, we investigated if this 451 

connectivity could explain the high occurrence of GlyT2-GFP unlabeled synapses onto GoC 452 

dendrites by recording and intracellularly filling MLIs in acute slices (Fig. 6). From the 8 cells that 453 

were recovered with sufficiently intact axonal arbors, we reconstructed a total of 7909 μm of axon 454 

with 1870 boutons, but observed that only 19 boutons (1.02%) were closely opposed to GlyT2-455 

GFP-expressing dendrites (Fig. 6C). In contrast, appositions were frequently observed with 456 

Purkinje cell dendrites (labeled for calbindin; Fig. 6E) and MLI somata (which transiently express 457 

the GlyT2-GFP transgene during their development and are thus weakly labelled in our sample; Fig. 458 

6F). Our data argue against the presence of profound MLI to GoC chemical synaptic connectivity 459 

and are consistent with either extremely weak or a lack of innervation (Hull and Regehr, 2012).  460 

However, one percent of an abundant bouton population could still be a significant source of input 461 

to an infrequent cell population. From our reconstructions we quantified that, on average, MLIs 462 

have 234 ± 37 boutons per cell, which is similar to previous estimates by Sultan & Bower (1998) 463 

using Golgi impregnation. To estimate the proportion of GABAergic inputs on GoCs that might 464 

originate from these MLIs, we compared the density of MLIs (48 000 / mm3, measured in the 465 

present study) and GoCs (~4700 / mm3 GlyT2 positive GoC, as reported in Simat et al., 2007; 466 

Billings et al., 2014), giving a ratio of 10:1 (see also Korbo et al., 1993). This implies that a 467 

maximum of 23 GABAergic synapses (234 boutons per cell × 1.02 % contacting GoCs × 10:1 cell 468 

ratio) could originate from MLIs onto each GlyT2-expressing GoC, which would constitute a 469 

maximum of 14% of all GABAergic synapses (163) onto GoC dendrites in the ML (1350 ± 545 μm 470 

of dendrite per GoC × 0.121 GABAAR α3 puncta per μm of GoC dendrite).  471 
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DISCUSSION 472 

With the aid of GlyT2-GFP animals, patch-clamp recordings and post hoc morphological analysis, 473 

we were able to identify GoCs and LuCs, and to investigate their place in the GABAergic circuit of 474 

the cerebellar cortex.  By identifying the GABAAR α3 subunit as a selective marker for inhibitory 475 

synapses on GoC dendrites, we provided LM evidence that GABAergic innervation of GoCs by 476 

local inhibitory axon populations is sparse. GlyT2-GFP-expressing axons provide a maximum of 477 

16% of all GABAergic synapses onto GlyT2-GFP-expressing GoC dendrites in the ML, with 478 

potential origin from LuCs, globular or DCN cells. Glycine immunoreactive axons not expressing 479 

GlyT2-GFP could account for a further 18% of these inputs. Our data argue against the presence of 480 

MLI to GoC connections, but we cannot exclude the possibility of a sparse innervation (a maximum 481 

of 14%). However, even if this connection exists, more than half of the inhibitory inputs onto GoCs 482 

must arise from purely GABAergic sources that are not located within the cerebellar cortex.  483 

 484 

Local inhibitory inputs to GoCs  485 

Golgi cell dendrites occupy all layers of the cerebellar cortex, and both basal and apical dendrites 486 

contain GABAAR α3 subunit positive puncta, demonstrating that these cells receive inhibitory 487 

inputs in all layers. Thus all inhibitory neurons of the cerebellar cortex, as well as any extra-cortical 488 

inputs, could provide GABAergic/glycinergic innervation of GoCs. Molecular layer IN axons are 489 

confined to the ML, where they innervate each other and provide a powerful inhibition to Purkinje 490 

cells (Kondo and Marty, 1998; Vincent and Marty, 1996). It has been assumed that these axon 491 

terminals are also responsible for the inhibitory inputs onto GoC dendrites in the ML (Palay and 492 

Chan-Palay, 1974). Here we investigated the potential inhibitory connections between MLIs and 493 

GoCs using intracellularly filled MLIs and post hoc LM analysis of the spatial relationships 494 

between their axon terminals and GlyT2-GFP-expressing GoC dendrites.  Our results demonstrate 495 

that a maximum of one percent of the MLI boutons are in close apposition with GlyT2-GFP-496 
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expressing GoC dendrites, which could in principle provide direct synaptic inputs. However, due to 497 

the insufficient ultrastructural preservation in our mildly fixed tissue, we could not verify these 498 

appositions as synaptic connections using EM. Even if they were all synapses, and even though 499 

MLIs outnumber GoCs by 10:1, we calculate that a maximum of 14% of all GABAergic inputs onto 500 

GoCs could arise from MLIs in the ML. These results are in agreement with those of Hull and 501 

Regehr (2012) who used optogenetic stimulation techniques and paired recordings to demonstrate 502 

the lack of functional connectivity between MLIs and GoCs.  503 

Lugaro and globular cells are the least studied inhibitory INs of the GCL. Their classifying feature 504 

is that they have a minimal axonal arbor in the GCL, but instead provide a long-range innervation in 505 

the ML. As demonstrated here and in previous studies (Zeilhofer et al., 2005; Simat et al., 2007), 506 

LuCs and globular cells express GFP in these GlyT2-GFP transgenic animals and are likely to be 507 

responsible for at least some fraction of the ~16% GABA/glycinergic inputs of GlyT2-GFP-508 

expressing GoCs in the ML. Although LuC/globular cell input to GoCs is sparse, they seem to be 509 

sufficient to generate large amplitude rhythmic IPSCs upon 5-HT application (Dieudonne and 510 

Dumoulin, 2000; Hirono et al., 2012).  Our EM analysis demonstrated that the GlyT2-GFP-511 

expressing axon terminals exclusively innervate INs (MLIs and GoCs), but avoid the innervation of 512 

the principal (Purkinje) cells of the cerebellar cortex. GoCs innervate glutamatergic GrCs, and 513 

MLIs clearly innervate Purkinje cells; therefore globular and LuCs are the sole IN-selective INs of 514 

the cerebellar cortex.  Such IN-selective INs have been described in many brain regions, including 515 

the hippocampus (Acsady et al., 1996; Gulyas et al., 1996), neocortex (Meskenaite, 1997; Melzer et 516 

al., 2012) and the main olfactory bulb (Eyre et al., 2008), and our data indicate that LuC/globular 517 

cells are also included in this category. 518 

Inhibitory inputs onto GoCs could also arise from Purkinje cell local collaterals arborizing in the 519 

superficial GCL and PCL. Calbindin immunoreactive Purkinje cell local axon collateral boutons 520 

have been shown in close apposition to LuCs and globular cells adjacent to the PCL (Laine and 521 

Axelrad, 2002; Simat et al., 2007). Purkinje cells are spontaneously active in in vitro slices (Hausser 522 
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and Clark, 1997), strongly suggesting causality between their cessation of activity and the 523 

significant reduction in LuC IPSC frequency we observed after the application of TTX. Consistent 524 

with this, globular cells have been shown to receive monosynaptic inhibitory inputs from Purkinje 525 

cells (Hirono et al., 2012). In contrast, we observed a very low frequency of sIPSCs in GoCs and no 526 

significant change in the frequency following TTX application, indicating that a significant 527 

proportion of the GABAergic inputs of GoCs are unlikely to be provided by Purkinje cells, but must 528 

instead arise from sources that are either spontaneously inactive or are not present in our acute 529 

slices. As stellate and basket cell networks are also spontaneously active in slices (Hausser and 530 

Clark, 1997), this gives further support to the idea that MLIs are also unlikely to provide major 531 

inhibitory inputs to GoCs.  532 

Factors governing the occurrence of spontaneous activity in GoCs are also not well defined, 533 

although the age of the animals and the recording temperature are likely to be critical (Dieudonne, 534 

1998; Forti et al., 2006). We found that spontaneously active GoCs are much more frequently 535 

encountered in rat versus mouse slices (Rudolph et al., 2015). Although we cannot entirely rule out 536 

the possibility that mouse GoCs are more vulnerable to the slicing procedure, our GoCs in mouse 537 

slices appeared healthy; success rates of patching, access resistances and firing patterns were similar 538 

to those obtained from rats. The facts that the rheobase current is smaller and the RMP is more 539 

depolarized in rat GoCs suggests that they are more excitable than mouse GoCs, although 540 

maximum firing rates upon current injection were similar. We suggest that the difference might lie 541 

in distinct ion channel expression patterns between rat and mouse GoCs. 542 

Golgi cells have extensive axonal arbors in the GCL and provide phasic and tonic inhibition to 543 

GrCs.  The issue of whether GoCs provide chemical GABAergic innervation to each other is 544 

debated; two recent studies using paired recordings found no evidence for this connection (Dugue et 545 

al., 2009; Vervaeke et al., 2010), but Hull and Regehr (2012) demonstrated a GoC to GoC 546 

connection probability of about 20%. A potential reason for this discrepancy might be the 547 

consequence of tonic presynaptic GABAB receptor-mediated inhibition of GABA release from GoC 548 



 

 23

axons.  Dugue et al. (2009) and Vervaeke et al. (2010) did not eliminate GABAB receptor-mediated 549 

presynaptic inhibition, whereas Hull and Regehr (2012) performed their experiments in the 550 

presence of a GABAB receptor antagonist. We did not inhibit GABAB receptors in our recordings, 551 

and thus GoC to GoC synaptic inhibition is unlikely to have contributed to our functional 552 

measurements. Anatomically, even if GoCs provide GABAergic innervation to each other, these 553 

inputs are confined to the GCL and cannot be responsible for the >50% ‘missing’ inputs on GoC 554 

dendrites in the ML. Due to the high density of GlyT2-GFP-expressing axonal and dendritic 555 

processes in the GCL, we were unable to discern the extent to which GlyT2-GFP-expressing 556 

presynaptic axons are in direct apposition with GlyT2-GFP-expressing GoC basal dendrites at α3 557 

positive puncta. However, we consider it possible that this coverage is similar to that of the apical 558 

dendrites, as is suggested by the similar density of GABAAR α3 puncta in these two regions (rat 559 

ML: 0.002 ± 0.001 puncta / µm3; GCL: 0.002 ± 0.0003 puncta / µm3). 560 

 561 

Extra-cortical inhibitory inputs to GoCs 562 

Recent work by Ankri et al. (2015) elegantly demonstrated that a population of GlyT2- and 563 

GAD65-expressing cells in the DCN projects to the cerebellar cortex and targets a subgroup of 564 

GoCs that are spontaneously active and express neurogranin, but not GlyT2.  In agreement with this 565 

report, here we show that 40-70% of α3 immunoreactive synapses on neurogranin-expressing, 566 

GlyT2-GFP negative dendrites were contacted by GlyT2-GFP-expressing axons. This proportion is 567 

higher than that found on GlyT2-GFP-expressing GoCs (16-34%). A plausible explanation of these 568 

data is that GlyT2-GFP-expressing GoCs receive most, if not all of their GlyT2-GFP-expressing 569 

inputs from local LuCs/globular cells, whereas the neurogranin positive, GlyT2-GFP negative GoCs 570 

receive some of their inputs from LuCs/globular cells and an additional major input from GlyT2-571 

GFP-expressing DCN cells. Because only 40% of DCN glycinergic cells express GFP in GlyT2-572 

GFP mice (Husson et al., 2014), it is possible that the lack of GFP in the majority of the boutons 573 
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contacting α3 positive puncta in GoC dendrites (both GlyT2-GFP-expressing and neurogranin 574 

immunopositive populations) could originate from these glycinergic, but GFP negative, DCN 575 

neurons. Our results using immunolocalization with an anti-GlyT2 antibody in WT mice and Wistar 576 

rats, however, argues against this possibility. 577 

Ankri et al. (2015) demonstrated that the majority of GAD65-expressing DCN cell axons in the 578 

cerebellar cortex also express GlyT2, but did not test the expression of GAD67, which is also 579 

known to label DCN neurons (Uusisaari et al., 2007). Although the DCN have not been extensively 580 

characterized (Uusisaari and De Schutter, 2011), a report (Baurle and Grusser-Cornehls, 1997) 581 

indicated that only 23.7% of all DCN cells immunoreactive for GABA also expressed GlyT2. Many 582 

small GABAergic cells in the DCN project to the inferior olive (Batini et al., 1989), but this does 583 

not rule out the possibility that they also project to the cerebellar cortex, or even that all purely 584 

GABAergic DCN neurons are of this type. We therefore predict that a proportion of DCN 585 

GABAergic INs directly influences the cerebellar cortex inhibitory networks (Uusisaari and De 586 

Schutter, 2011). In summary, our results indicate that the majority of the inhibitory inputs onto 587 

GlyT2-GFP-expressing GoCs in the ML must arise from neurons outside the cerebellar cortex that 588 

contain GABA, but not glycine. 589 

  590 
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FIGURE LEGENDS 698 

Figure 1. Morphological and electrophysiological characterization of granule cell layer 699 

interneurons in the GlyT2-GFP mouse. A, Maximum intensity projection image of a confocal image 700 

Z-stack of an in vitro recorded and biocytin (red) labelled GoC showing GlyT2-GFP 701 

immunoreactivity (green). Scale bar: 20 μm. The neurolucida reconstruction of this cell is shown on 702 

the right (dendrites in blue, axon in black). ML – molecular layer; PCL – Purkinje cell layer; GCL – 703 

granule cell layer, Scale bar: 20 μm. Voltage responses of this cell to DC current injections are 704 

shown on the far right. B, As in A, but showing a Lugaro cell. Although the GFP signal was not 705 

detectable in this cell after the recording, prior to patching this cell was clearly GFP positive, as 706 

shown in the epifluorescent greyscale image in the inset (arrow; arrowheads indicate adjacent 707 

GlyT2-GFP expressing neurons). The neurolucida reconstruction of this cell is shown on the right 708 

(dendrites in red, axon in black). Scale bar: 20 μm. Voltage responses of this cell to DC current 709 

injections are shown on the far right. Note the frequent occurrence of spontaneous IPSPs in the 710 

traces. The IPSPs are depolarizing due to the elevated Cl- concentration of the intracellular solution. 711 

C, Summary of some electrophysiological properties of morphologically identified Golgi (blue) and 712 

Lugaro (red) cells. Rin - input resistance; RMP - resting membrane potential; AP - action potential; 713 

AHP - afterhyperpolarization; Sag ratio - ratio of peak versus steady state of the hyperpolarizing 714 

voltage response; Rheobase - minimum current required to generate at least one action potential. **: 715 

p < 0.01, ***: p < 0.001. RMP and sag ratio were not different between cell types (p = 0.34 and p = 716 

0.46, respectively). Average rheobase current was significantly different between cell types (p = 717 

0.0002). Comparisons were made by Mann-Whitney U test or one-way ANOVA. 718 

 719 

Figure 2. Golgi (GoC) and Lugaro cells (LuC) have distinct mIPSC properties and different 720 

GABAAR α subunit content. A, Continuous current recordings from a GoC (blue) and a LuC (red) 721 

in the presence of 1 μM tetrodotoxin before and following the application of 20 μM SR95531 722 

(traces below). Note the greater frequency and larger amplitude of mIPSCs in the LuC, and that all 723 
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currents were eliminated by the GABAAR antagonist. B, Average, peak-scaled traces from example 724 

cells before (GoC; blue, LuC; red) and after bath application of 100 nM TP003 (left; GoC - teal, 725 

LuC - orange) or 100 nM zolpidem (centre; GoC - grey, LuC - dark red). Note the much faster 726 

mIPSC decay and selective prolongation by 100 nM zolpidem in the LuC, compared to the slower 727 

decay and selective prolongation by 100 nM TP003 in the GoC. The right panel shows the 728 

cumulative probability distributions of τw of all individually fitted mIPSCs in GoCs (blue, n =408 729 

mIPSCs) and LuCs (red, n = 2300 mIPSCs). C, Summary of mIPSC mean frequency, peak 730 

amplitude and weighted decay time (τw) before (GoCs - blue, LuCs - red) and after bath application 731 

of 100 nM TP003 or 100 nM zolpidem. Note the large variance in τw in the population of GoCs, 732 

and that GoCs with a slower decay show a greater prolongation upon TP003 application. **: p < 733 

0.01 (Repeated measures parametric ANOVA, Tukey’s unequal n HSD post hoc test). 734 

Figure 3. GlyT2-GFP-expressing Golgi cell (GoC) dendrites in the molecular layer (ML) are 735 

sparsely innervated by GlyT2-GFP-expressing axons. A, B, Immunofluorescent labelling for the 736 

GABAAR α3 subunit (α3, green) in the ML (A) and GCL (B) of WT mice is sparse, but overlaps 737 

with neuroligin-2 (NL2, red) and β3 subunit (β3, cyan) immunopositive puncta, indicating their 738 

synaptic enrichment. Maximum intensity projections of two (A) or four (B) confocal images at 1 739 

μm separation). Scale bar: 2 µm, applies to A and B. C, Immunofluorescent labelling for the 740 

GABAAR α3 subunit (red) in the ML of GlyT2-GFP mice is evident as multiple puncta, many of 741 

which are associated with GlyT2-GFP-expressing (green) or neurogranin-immunoreactive (blue) 742 

dendrites. Scale bar: 10 µm. D, Maximum intensity projection (five confocal sections at 1 μm 743 

separation) of the left-hand boxed region in C at a higher magnification showing α3 subunit 744 

immunoreactive puncta (arrows) associated with a GlyT2-GFP-expressing dendrite, but lacking a 745 

presynaptic GlyT2-GFP-expressing bouton. Scale bar: 1 µm. E, Maximum intensity projection (five 746 

confocal sections at 1 μm separation) of the right-hand boxed region in C at a higher magnification 747 

showing intersections between GlyT2-GFP-expressing axons (arrowheads) and a neurogranin 748 

immunoreactive dendrite. Note the presence of additional GABAAR α3 subunit-immunoreactive 749 



 

 31

puncta not associated with a presynaptic GlyT2-GFP-expressing bouton (arrow). Scale bar: 1 µm. 750 

F, Schematic proportional representation of α3 subunit immunoreactive puncta present on GoCs in 751 

lobule 5 (left) and lobule 8 (center), categorized as expressing neurogranin (Ng+, blue cells) or only 752 

GlyT2-GFP (GlyT2+, green cells). Each puncta was categorized as either facing a presynaptic, 753 

GlyT2-GFP-expressing (green) or GlyT2-GFP negative (hollow) axonal bouton, and total puncta 754 

density per mm of GoC dendrite for each GoC type is indicated below each cell. The graph (right) 755 

shows the percentage of GlyT2-GFP positive (green) and negative (hollow) boutons contacting α3 756 

positive clusters for each type of GoC in the two lobules. G, Electron micrograph showing an 757 

asymmetric synapse made by a parallel fiber bouton (PFb) onto a GlyT2-GFP-DAB labelled 758 

dendrite (GFP+d). Scale bar: 500 nm, also applies to panels H-J.  H, I, Electron micrographs 759 

showing symmetrical synapses formed by unlabeled boutons (b) onto GlyT2-GFP-DAB-labelled 760 

dendrites. J, Electron micrograph showing a symmetrical synapse formed by a GlyT2-GFP-DAB-761 

labelled bouton (GFP+b) onto a GFP+d. Two PFbs forming asymmetric synapses onto the same 762 

dendrite are also visible. Bar graph shows the percentage of symmetrical synapses formed onto 763 

GFP+d by GFP positive (GFP+b) and negative (b) boutons. 764 

Figure 4. GlyT2-GFP-expressing axons target molecular layer interneurons (MLI). A, Electron 765 

micrograph showing a GlyT2-GFP-DAB positive axon varicosity (GFP+b) making a symmetrical 766 

synapse (arrowhead) with a smooth, thin, non-spiny MLI dendrite (MLId). Scale bar: 500 nm. B, 767 

Electron micrograph showing a GFP+b establishing a symmetrical synapse with a MLI soma 768 

(MLIs). Scale bar: 2 μm. C, Electron micrograph of the boxed region in B showing the synaptic 769 

junctions (arrowheads) at a higher magnification. Scale bar: 500 nm. D, Electron micrograph 770 

showing a thin GlyT2-GFP-DAB immunoreactive inter-bouton axon segment (black precipitate) 771 

adjacent to, but lacking a synapse with, a Purkinje cell dendrite (PCd). Scale bar: 500 nm. Bar graph 772 

shows the percentage of synapses formed by GlyT2-GFP-DAB immunoreactive axons onto MLId, 773 

MLIs, GlyT2-GFP-DAB immunoreactive dendrites (GFP+d) and PCd. 774 
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Figure 5. Only one third of GABAAR α3 subunit immunoreactive puncta face varicosities 775 

immunolabeled for GlyT2. A, Maximum intensity projection (six confocal sections at 1 μm 776 

separation) from a Wistar rat section immunolabeled for GABAAR α3 (red) and GlyT2 (cyan). 777 

Scale bar: 20 µm. ML – Molecular Layer; PCL Purkinje Cell Layer; GCL – Granule Cell Layer. B, 778 

Enlarged view of the boxed region in panel A showing GABAAR α3 immunoreactive puncta (left, 779 

red) either not associated with (arrows) or closely associated with (double-headed arrow) GlyT2 780 

immunoreactive terminals (middle, cyan), as can be seen in the overlay (right). Quantification of 781 

GABAAR α3 immunoreactive puncta is shown for three genotypes in the lower part of the overlay 782 

panel. All images are maximum intensity projections of four confocal sections at 1 μm separation. 783 

Scale bar: 2 µm. 784 

Figure 6. GlyT2-GFP-expressing dendrites receive negligible inputs from molecular layer 785 

interneuron (MLI) axons. A, Maximum intensity projection image of a confocal image Z-stack of an 786 

in vitro recorded and biocytin (red) labelled MLI with axons spreading amongst GlyT2-GFP-787 

expressing processes (green). Scale bar: 10 μm, also applies to B-C. B, Neurolucida reconstruction 788 

of the soma and axon of the recorded cell (red; black circles indicate varicosities; green circles 789 

indicate varicosities next to GlyT2-GFP-expressing dendrites). The number of reconstructed cells 790 

and the percentage occurrence of each varicosity type are indicated. C, Boxed area in A shown as a 791 

series of confocal image planes highlighting a single putative contact (green arrow). Note that most 792 

varicosities of the biocytin-filled axon have unlabeled targets, despite numerous GlyT2-GFP-793 

expressing structures in the vicinity. D, Neurolucida reconstruction of a different MLI (soma and 794 

dendrites in blue, axon in red). Scale bar: 50 μm. Boxed regions correspond to the fluorescent 795 

images shown in E (left) and F (right). E, The axon of the MLI in D makes a bouton in apposition 796 

(red) to a calbindin immunoreactive (CB; cyan) Purkinje cell dendrite. F, The same axon also has 797 

several boutons in close apposition with a weakly GlyT2-GFP labelled MLI soma (GFP; green). 798 

Scale bar: 5 μm, also applies to E. 799 
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