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Abstract 40 

Group 1 metabotropic glutamate receptors (mGlu1/5) are critical to synapse formation and 41 

participate in synaptic long-term potentiation (LTP) and long-term depression (LTD) in the 42 

brain. mGlu1/5 signaling alterations have been documented in cognitive impairment, 43 

neurodegenerative disorders, and psychiatric diseases, but underlying mechanisms for its 44 

modulation are not clear. Here, we report that transferrin receptor 1 (TFR1), a trans-45 

membrane protein of clathrin complex, modulates the trafficking of mGlu1 in cerebellar 46 

Purkinje cells (PCs) from male mice. We show that conditional knockout of TFR1 in PCs 47 

does not affect the cyto-architecture of PCs, but reduces mGlu1 expression at synapses. 48 

This regulation by TFR1 acts in concert with that by Rab8 and Rab11, which modulate the 49 

internalization and recycling of mGlu1, respectively. TFR1 can bind to Rab proteins and 50 

facilitate their expression at synapses. PC ablation of TFR1 inhibits parallel fiber-PC LTD, 51 

whereas parallel fiber-LTP and PC intrinsic excitability are not affected. Finally, we 52 

demonstrate that PC ablation of TFR1 impairs motor coordination, but does not affect 53 

social behaviors in mice. Together, these findings underscore the importance of TFR1 in 54 

regulating mGlu1 trafficking and suggest that mGlu1 and mGlu1-dependent parallel fiber-55 

LTD are associated with regulation of motor coordination, but not autistic behaviors. 56 

 57 

Key words: Transferrin receptor; Metabotropic glutamate receptor; Trafficking; Purkinje cell; 58 

Autism; Motor coordination 59 
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Significance statement  61 

mGlu1/5 signaling alterations have been documented in cognitive impairment, 62 

neurodegenerative disorders and psychiatric diseases. Recent work suggests that altered 63 

mGlu1 signaling in PCs may be involved in not only motor learning, but also autistic-like 64 

behaviors. We find that conditional knockout of TFR1 in PCs reduces synaptic mGlu1 by 65 

tethering Rab8 and Rab11 in the cytosol. PC ablation of TFR1 inhibits parallel fiber-PC 66 

LTD, whereas parallel fiber-PC LTP and PC intrinsic excitability are intact. Motor 67 

coordination is impaired, but social behaviors are normal in TFR1flox/flox;pCP2-cre mice. Our 68 

data reveal a new regulator for trafficking and synaptic expression of mGlu1 and suggest 69 

that mGlu1-dependent LTD is associated with motor coordination, but not autistic-like 70 

behaviors. 71 

 72 

73 
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Introduction  74 

Metabotropic glutamate receptors are G protein-coupled receptors enriched at excitatory 75 

synapses in the central nervous system (CNS). Group 1 mGlu receptors (mGlu1/5) activate 76 

phospholipase C and protein kinase C (PKC) (Niswender and Conn, 2010) and modulate 77 

signal-to-nucleus communication (Hermans and Challiss, 2001). mGlu1/5 are critical for 78 

synapse formation during development (Ichise et al., 2000; Hannan et al., 2001) and 79 

participate in long-term potentiation (LTP) and long-term depression (LTD) in the 80 

hippocampus and the cerebellum, two structures critical for declarative and procedural 81 

memory formation, respectively (Aiba et al., 1994a, 1994b; Huber et al., 2000; Ichise et al., 82 

2000; Brasnjo and Otis, 2001). Hence, mGlu1/5 is implicated in forms of conditioning 83 

behaviors, such as associative learning (Aiba et al., 1994a) and cocaine addiction (Kenny 84 

and Markou, 2004; Bellone and Lüscher, 2006; Mameli et al., 2009). 85 

Alterations in mGlu1/5 signaling have been documented for cognitive impairment, 86 

neurodegenerative disorders, and psychiatric diseases, such as fragile X syndrome, 87 

autism, Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and epilepsy (for 88 

reviews see Lüscher and Huber, 2010; Ribeiro et al., 2010; D’Antoni et al., 2014). 89 

Accordingly, mGlu1/5 may form an attractive target to tackle with allosteric modulators or 90 

agonists/antagonists for treating several CNS disorders (Gregory and Conn, 2015). 91 

However, developing therapeutic strategies with the use of mGlu1/5-related agents 92 

remains challenging. For example, applying antagonists of mGlu1/5 does not appear very 93 

efficient in treating convulsions or cognitive impairments (Löscher et al., 2006; El-Kouhen 94 

et al., 2006). This lack of effect may be partly ascribed to the complexity of mGlu1/5 95 
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signaling, which involves a variety of downstream cascades that remain unknown for most 96 

neurological pathologies. In particular, the mechanisms controlling the trafficking of 97 

mGlu1/5 are less understood. 98 

In the cerebellum, mGlu1 is highly expressed in Purkinje cells (PCs) (Shigemoto et al., 99 

1992). Inhibition or lack of mGlu1 signaling leads to PC dysfunction and motor coordination 100 

deficits (Ichise et al., 2000; Coesmans et al., 2003). Interestingly, global knockout of Nlgn3, 101 

which is implicated in autism, causes an increased expression of mGlu1 and an inhibition 102 

of parallel fiber-LTD in the cerebellum, while the development of the molecular layer is 103 

affected (Baudouin et al., 2012). Therefore, a follow-up question is to what extent the 104 

alteration of mGlu1 signaling in PCs results concomitantly in specific cellular physiological 105 

abnormalities, autistic-like behaviors, as well as developmental morphological aberrations.  106 

Transferrin receptor 1 (TFR1) is a trans-membrane glycoprotein involved in 107 

processing of clathrin-coated vesicles. It has been found that TFR1 is present in neuronal 108 

dendrites and co-localizes with pre/post-synaptic proteins (West et al., 1997; Liu et al., 109 

2016). TFR1 is abundantly expressed in the cerebellar cortex and deep cerebellar nuclei 110 

(Moos, 1996), but the function of TFR1 in the cerebellum is unknown. In the present study 111 

we create a mutant mouse line, in which TFR1 is deleted specifically in PCs. Deletion of 112 

TFR1 reduces synaptic expression of mGlu1 in PCs, presumably by affecting the trafficking 113 

of mGlu1 mediated by Rab proteins. Furthermore, TFR1 turns out to be critical for the 114 

expression of parallel fiber-LTD as well as proper motor coordination, but not for the 115 

development of a normal cerebellar cyto-architecture or functional social interactions. 116 

These data highlight the complexity of mGlu1 signaling and its diverse roles in cerebellar 117 
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cellular and system physiology on the one hand and in cerebellar development on the other 118 

hand, which appear to have differential implications for cerebellar pathology when they 119 

deteriorate. 120 

121 
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Materials and Methods 122 

Generation of TFR1flox/flox mice and animal maintenance. TFR1flox/flox mouse was generated 123 

in the Model Animal Research Center of Nanjing University (Nanjing, China), as illustrated 124 

in Fig. 1. BAC clones contain targeted gene were purchased from invitrogen, the number 125 

of BAC clone is BMQ-235I21. The mouse TFR1 gene is composed of 19 exons. Targeted 126 

gene including homologous arms was retrieved from the BAC vector. The first LoxP was 127 

introduced into intron 2 and the second loxP along with a FRT-flanked PGK/Neo cassette 128 

was introduced into intron 3 by homologous recombination in E.coli. The targeting vector 129 

was linearized by digesting with I-CeuI and electroporated into W4 ES cells. The 130 

recombinants were selected for their G418 and DTA resistance. The PGK/EM7-NeoR 131 

cassette served as positive selection marker and DTA was a negative selection marker at 132 

ES targeting step. Targeted ES clones were screened by PCR and Southern blot. The 133 

positive ES cell clones were chosen for microinjection to obtain chimeras. Germline-134 

transmitting chimeras were generated from ES lines carrying targeted TFR1 allele by the 135 

microinjection of blastocysts isolated from albino C57B6/J-Tyrc-Brd females. Chimeras 136 

were crossed to C57/BL6J to obtain TFR1fln/+ mice, which were backcrossed to C57/BL6J 137 

for more than 10 generations and then bred with Flper mice, which were on the C57/BL6 138 

background, to remove the neomycin (neo) cassette so as to obtain TFR1flox/+ mice. 139 

Conditioned knockout mice (TFR1flox/flox;pCP2-cre) were obtained by crossing TFR1flox/flox 140 

mice with pCP2-cre mice (Barski et al., 2000) and were bred with a C57/BL6 background 141 

since the genetic background for both Flper and pCP2-Cre mice was C57/BL6. The 142 

resulting offspring were genotyped using PCR of genomic DNA. Mice were kept under 143 
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temperature-controlled conditions on a 12:12 h light/dark cycle with food and water ad 144 

libitum. All experiments were approved by the Animal Experimentation Ethics Committee 145 

of Zhejiang University, and were done in male mice at the age of P2-P50 depending on 146 

experimental requirements. 147 

Antibodies and reagents. Antibody against mGlu1 was purchased from BD 148 

Biosciences. Antibody to TFR1 was purchased from Novusbio (co-immunoprecipitation 149 

and immunohistochemistry) and Life Technologies (western blot). Antibodies to PSD95 and 150 

GAPDH were from Millipore. Anti-GluA2 antibody was a gift from Dr. Richard Huganir 151 

(Johns Hopkins University, Baltimore, MD). Anti-vesicular glutamate tranporter 1 (vGluT1) 152 

was a gift from Dr. Masahiko Watanabe (Hokkaido University, Sapporo, Japan). Antibodies 153 

against both Rab11 and Rab8 were from Cell Signaling Technology. Antibody to excitatory 154 

amino acid transporter 4 (EAAT4) was from Alpha Diagnostics. Antibodies to β-actin and 155 

rat IgG were from Santa Cruz. Antibodies to gephyrin and vesicular GABA transporter 156 

(vGAT) were from Synaptic Systems. Horseradish peroxidase-conjugated secondary 157 

antibodies for immunoblotting were from GE Healthcare. Nissl was from Beyotime. 158 

Dulbecco’s modified Eagle’s medium (DMEM), 4',6-diamidino-2-phenylindole (DAPI), and 159 

Alexa Fluor-conjugated secondary antibodies were from Invitrogen. Protease inhibitor 160 

cocktail was from Merck Chemicals. Other chemicals were from Sigma unless stated 161 

otherwise. 162 

RT-PCR. For single-cell analysis, the contents of individual PCs (P7-P21) were 163 

harvested as described in our previous work (Wu et al., 2012; Zhou et al., 2015). In brief, 164 

the tip of a conventional patch-clamp pipette was placed tightly on the soma of a selected 165 
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PC. Gentle suction was applied to the pipette. After complete incorporation of the soma, 166 

the negative pressure was released and the pipette was quickly removed from the bath. 167 

The harvested contents were subjected to RT-PCR using OneStep Kit (Qiagen). Forward 168 

(F) and reverse (R) primers used for amplification were: TFR1, F:5’-GCC AGA TCA GCA 169 

TTC TCT AAC T-3’; R:5’-CAC TAG CCT TCA TGT TAT TGT C-3’; calbindin, F:5’-GGC TTC 170 

ATT TCG ACG CTG AC-3’; R:5’-ACG TGA GCC AAC TCT ACA ATT C-3’; GAPDH, F:5’-171 

GGT GAA GGT CGG TGT GAA CG -3’; R:5’-CTC GCT CCT GGA AGA TGG TG-3’. 172 

HEK293 cell cultures. HEK293 cells were cultured in DMEM and supplemented with 173 

10% FBS (GIBCO), 1 mM sodium pyruvate, 100 U/ml penicillin, and 10 μg/ml streptomycin 174 

in an incubator (95% O2 / 5% CO2, 37°C). At 70-80% confluency, cells were transfected in 175 

OPTI-MEM (GIBCO) with plasmids using lipofectamine 2000 (Invitrogen) according to 176 

manufacturer’s instructions. At 36 h after transfection with myc-mGlu1 alone or with myc-177 

mGlu1+GFP-TFR1, transfected cells were collected and extracted proteins were 178 

centrifuged at 10,000× g at 4°C for 30 min to collect supernatant and pellet fractions, which 179 

were kept as Triton X-100-soluble and -insoluble fractions, respectively. 180 

Synaptosome preparation and immunocytochemistry. The purification of 181 

synaptosomes from TFR1flox/flox mouse cerebellum (P21) was modified from Ferrero et al. 182 

(2013). The cerebellar homogenate (P21) was centrifuged at 2,000× g (4°C for 2 min) and 183 

the supernatant was spun again at 9,500× g for 12 min. The loosely compacted white layer 184 

containing the majority of synaptosomes was gently resuspended in 0.32 M sucrose (pH 185 

7.4), and an aliquot of synaptosomal suspension (2 ml) was placed onto a 3-ml Percoll 186 

gradient (pH 7.4). After centrifugation at 25,000× g (4°C for 10 min), synaptosomes were 187 
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recovered from between 10% and 23% Percoll bands and then diluted in a final volume of 188 

30 ml of HEPES-buffered medium (HBM; pH 7.4) containing 140 mM NaCl, 5 mM KCl, 5 189 

mM NaHCO3, 1.2 mM NaH2PO4, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES. 190 

Following another centrifugation at 22,000× g (10 min), the synaptosome pellet was 191 

resuspended in HBM (6 ml). Finally, synaptosomal suspension (0.75 mg) was diluted in 192 

HBM (2 ml) and centrifuged at 10,000× g for 10 min. The pellets containing synaptosomes 193 

were stored on ice and remained viable for 4-6 h. For immunocytochemistry, 194 

synaptosomes (1.0 mg/ml) were added to a medium containing 0.32 M sucrose (pH 7.4) 195 

at 37°C, allowed to attach to polylysine-coated coverslips for 1 h, and fixed for 4 min in 4% 196 

paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4) at RT. Following several washes 197 

with PB (pH 7.4), synaptosomes were preincubated for 1 h in 10% normal goat serum 198 

diluted in 50 mM Tris buffer (pH 7.4) containing 0.2% Triton X-100. Subsequently, they 199 

were incubated for 24 h with primary antiserum for EAAT4 (1:1,000), TFR1 (1:150) and 200 

vGluT1 (1:200). After washing in TBS, synaptosomes were incubated with secondary 201 

antibodies for 2 h. Coverslips were mounted with Prolong Antifade Kit (Molecular Probes) 202 

and synaptosomes were viewed using a confocal microscope (Nikon A1R) with a ×100 203 

objective. 204 

Immunohistochemistry. 20-μm sagittal sections from mice at P2-P21 were prepared 205 

and placed in blocking solution for 1 h at room temperature (RT). After washing with PBS, 206 

sections were incubated with primary antibodies overnight at 4°C and incubated with 207 

secondary antibodies for 1 h at RT. Primary antibody dilutions used for 208 

immunohistochemistry were EAAT4 (1:200), vGAT (1:500), gephyrin (1:500), TFR1 (1:150), 209 
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calbindin (1:1,000), and secondary antibodies (1:1,000). All antibodies were diluted in PBS 210 

containing 1% BSA and 1% normal goat serum.  211 

Morphometric analysis. Sagittal cerebellar slices (10 μm) were immuonostained with 212 

antibodies against calbindin and EAAT4. For dendritic branching analysis, images of PCs 213 

(P21) were captured by a confocal microscope (FV1000, Olympus) and dendritic tracing 214 

was performed using MetaMorph software (Olympus). Spine analysis was based on 215 

previous studies (Lee et al., 2004; Zhou et al., 2015). In brief, images of distal dendrites of 216 

PCs were captured by a SIM super resolution confocal microscope (N-SIM, Nikon). Spine 217 

density was evaluated as the relative spine number over 10 μm dendritic fragment. The 218 

measurements of the area and lengths of the dendrites were performed in the bank area 219 

of lobule V. Initially, the dendritic area and length of single PCs were acquired and then 220 

pooled for the averages. Imaging data analysts were blind to experimental conditions 221 

during the measurements. 222 

    Postsynaptic density fraction isolation. Cerebellar tissues (P21) were homogenized in 223 

SHEEP buffer (380 mM sucrose, 4 mM HEPES-pH 7.5, 0.1 mM EDTA, 0.1 mM EGTA) 224 

supplemented with protease inhibitors (Merck Chemicals) and centrifuged at 800× g (4°C 225 

for 15 min). The supernatant was centrifugated at 9,200× g (4°C for 15 min). The pellet 226 

was the crude synaptosomal fraction (P2). The P2 fraction was resuspended in buffer D 227 

(20 mM Tris-HCl-pH 8.0, 1 mM EDTA, 100 mM NaCl, and 1% Triton X-100) and was 228 

centrifuged at 100,000× g for 1 h to produce a supernatant and a pellet. The pellet 229 

represented PSD fraction. 230 

Co-immunoprecipitation. co-IP experiments were performed according to previous 231 
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work (Wang et al., 2015). Mouse cortices were lysed in RIPA buffer plus the protease 232 

inhibitor. The protein concentration was measured using the BCA assay after the 233 

centrifugation at 16,000× g at 4°C for 10 min. Decimus supernatant was used for input and 234 

the remainder was for IP. Precleared solubilized preparations were incubated with rat anti-235 

TFR1 antibody, which was precoupled to protein A-sepharose beads (GE Healthcare) at 236 

2-4 μg antibody/1 ml beads for 2 h in 50 mM Tris-HCl. Proteins on the beads were extracted 237 

with 2× SDS sample buffer and boiled for 5 min before western blot. 238 

Western blot. Cerebellar tissues or cultures were rinsed with PBS and diluted in 1% 239 

SDS containing protease inhibitors. After determining protein concentration with BCA 240 

protein assay (Bio-Rad), equal quantities of proteins were loaded and fractionated on SDS-241 

PAGE and transferred to PVDF membrane (Immobilon-P, Millipore), immunoblotted with 242 

antibodies, and visualized by enhanced chemiluminescence (Pierce Biotechnology). 243 

Primary antibody dilutions used were mGlu1 (1:5,000), TFR1 (1:1,000), GluA2 (1:2,000), 244 

PSD95 (1:10,000), calbindin (1:10,000), Rab11 (1:1,000), Rab 8 (1:1,000), GAPDH 245 

(1:10,000), and secondary antibodies (1:10,000). Film signals were digitally scanned and 246 

quantitated using ImageJ 1.42q (NIH).  247 

Recombinant virus and in vivo injection. To express mGlu1WT in PCs, recombinant 248 

Semliki Forest virus (SFV) was constructed in combination with enhanced GFP (eGFP) as 249 

previously described (Jia et al., 2017). Under deep anesthesia with an intraperitoneal 250 

injection of 4% chloral hydrate (10 μl / g), a viral solution (300 nl) containing recombinant 251 

SFV (2.3E6 FFU/ml) was injected into lobules V-VI of cerebellar vermis of 252 

TFR1flox/flox;pCP2-cre mice (P21) at a rate of 30 nl / min using a glass pipette (30 μm in 253 
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diameter) and a microinjector (World Precision Instruments). 18 h later, the injected 254 

animals were decapitated and eGFP signals were observed in sporadic PCs in affected 255 

lobules. 256 

Slice preparation. Sagittal slices of cerebellar vermis (250 μm) were prepared from 257 

anesthetic mice (P21) using a vibrating tissue slicer (Leica VT1000S) and ice-cold standard 258 

artificial cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 259 

1 MgCl2, 2 CaCl2, 26 NaHCO3 and 25 D-glucose, bubbled with 95% O2 / 5% CO2. After 260 

recovery for 30 min at 37°C, slices were placed in a submerged chamber that was perfused 261 

at 2 ml/min with aCSF. Patch clamp electrodes (3-5 MΩ) were filled with an intracellular 262 

solution composed of either (in mM) 135 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 0.2 263 

EGTA, 4 Na2ATP, and 0.4 Na3GTP (pH 7.3, OSM 290) for voltage-clamp recordings, or (in 264 

mM) 134 K-gluconate, 6 KCl, 4 NaCl, 10 HEPES, 0.2 EGTA, 4 Na2ATP, 0.3 Na3GTP, and 265 

14 Na2phosphocreatine (pH 7.3, OSM 290) for current-clamp recordings, or (in mM): 150 266 

Cs-methanesulfonate, 5 KCl, 0.1 EGTA, 5 HEPES, 3 MgATP, and 0.4 Na3GTP (pH 7.3, 267 

OSM 290) for the recording of inhibitory postsynaptic currents (IPSCs) (Ikeda et al., 2013; 268 

Peter et al., 2016). 269 

Whole-cell recording. Purkinje cells were visualized under an upright microscope 270 

(BX51, Olympus) with a 40× water-immersion objective and equipped with infrared 271 

differential interference contrast enhancement. Whole-cell recordings were obtained with 272 

an Axon MultiClamp 700B amplifier (Molecular Devices). Currents were digitized at 10 kHz 273 

and filtered at 3 kHz. To obtain parallel fiber-EPSCs, standard patch pipettes were filled 274 

with aCSF and placed in the middle third of the molecular layer. mGlu1-EPSCs were 275 
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induced by burst parallel fiber stimulations (10 stimuli at 100 Hz) delivered in the presence 276 

of NBQX (5 μM). Gabazine (10 μM) was supplemented into aCSF when EPSCs and 277 

mGlu1-EPSCs were recorded. To record evoked IPSCs (eIPSCs), stimulation electrodes 278 

were placed in the inner fourth of the molecular layer to activate axons of interneurons 279 

meanwhile PCs were held at 0 mV in the presence of NBQX (5 μM) (Ikeda et al., 2013). 280 

For climbing fiber stimulation, constant current steps (20-200 mA / 100 ms) were applied 281 

to a patch pipette that was positioned in the granule cell layer close to the vicinity of 282 

recorded neuron. The recording was performed at a holding potential of -10 mV meanwhile 283 

stimulus intensity and electrode position were adjusted so that an all-or-none response 284 

was elicited (Su and Shen, 2009; Baudouin et al., 2012). Synaptic responses were evoked 285 

every 20 s (0.05 Hz) using ~10 μA pulses (100 μs). Recordings were excluded from 286 

analysis if the series or input resistance varied by > 15% over the course of an experiment. 287 

In voltage-clamp mode, holding potential at -70 mV was chosen to prevent spontaneous 288 

spike activity that might escape clamp.  289 

LTP, LTD, and intrinsic plasticity protocols were recorded from lobules V/VI or IX-X 290 

neurons. The lobules were identified by their locations with a 10× objective, and then 291 

zoomed in with a 40× objective for recording. LTD of parallel fiber-EPSCs was induced by 292 

a conjunction of five parallel fiber pulses at 100 Hz and a 100-ms long depolarization of 293 

PC to 0 mV, repeated 30 times with an interval of 2 s (Sun et al., 2011; Zhou et al., 2015). 294 

LTP of parallel fiber-EPSCs was obtained when parallel fibers were stimulated at 1 Hz for 295 

5 min in current-clamp mode (Wang et al., 2014a). Intrinsic plasticity was induced using 296 

LTP tetanus without bias currents when action potentials were evoked by 400 pA current 297 
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injections (500 ms) at 0.05 (Peter et al., 2016). Miniature EPSCs (mEPSCs) and miniature 298 

IPSCs (mIPSCs) were recorded in whole-cell configuration in the presence of 0.5 μM 299 

tetrodotoxin (TTX) plus Gabazine(10 μM) or NBQX (5 μM), respectively (Sun et al., 2011; 300 

Peter et al., 2016). The offline analysis of mEPSCs and mIPSCs was conducted using a 301 

sliding template algorithm (ClampFit 10, Molecular Device) (Sun et al., 2011). The criteria 302 

for inclusion were the amplitude larger than 6 pA and a rise time (10-90%) longer than 1 303 

ms. Overlapping events were rejected. 304 

Cell-attached recordings. Cell-attached recordings were made in lobules I-III or IX-X 305 

neurons. The recording pipette contained (in mM): 125 NaCl, 10 HEPES, 3 KCl, and 2 306 

CaCl2. Recordings were performed in voltage-clamp mode (0 injection) using MultiClamp 307 

700B amplifier. Membrane voltage/current was filtered at 3 kHz and digitized at 8 kHz. 308 

Gabazine (20 μM), NBQX (10 μM), and D-AP5 (50 μM) were added to perfusing aCSF to 309 

inhibit GABAA and ionotropic glutamate receptor currents. To induce the plasticity of 310 

spontaneous spikes, burst stimuli (15 pulses at 100 Hz, repeated at 1 Hz for 5min) were 311 

delivered to parallel fibers (Belmeguenai et al., 2010). 312 

Action potential parameters. In the majority of recordings, a hyperpolarizing bias 313 

current was applied to prevent spontaneous spike activity. Cells were discarded when the 314 

bias current was greater than 400 pA. The membrane voltage of clamped cells was 315 

approximately close to -70 mV. A series of current steps (500 ms) was delivered to PCs 316 

with an interval of 10 s. The upstroke of action potentials was measured from the threshold 317 

to the peak. The action potential amplitude from the peak to the afterhyperpolarization 318 

(AHP) and action potential widths were measured at half amplitude. The AHP size was 319 
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measured from action potential threshold to the negative peak of the AHP. The voltage 320 

threshold was measured in the first derivative of action potential (dV/dt) considering the 321 

point where the velocity was close to 50 mV/ms. 322 

mGlu1 trafficking assay. This assay was in accordance with previous work (Hong et 323 

al., 2009; Pandey et al., 2014; Zhou et al., 2015). In brief, acute cerebellar slices (250 μm) 324 

were incubated in aCSF containing DHPG (100 μM) for 10 min at RT. Subsequently, slices 325 

were chased at two time points (30 min or 180 min) in plain aCSF without DHPG at RT. 326 

Afterwards, slices for different conditions were homogenized to determine protein 327 

concentrations in total and PSD fractions. 328 

Motor coordination test. The elevated beam balancing and rotarod tests were 329 

conducted as described previously (Hartmann et al., 2014; Zhou et al., 2015). After 330 

habituation to the rotarod, target mice (P45-50) were tested twice a day at a time interval 331 

of ~8 h for 4 consecutive days. In each session, the velocity of the rotation increased with 332 

a constant acceleration of 9 rpm/min starting from 5 rpm. Behavioral experimenters were 333 

blind to the mouse genotype until the data were integrated. 334 

Open field test. Mice (P45-50) were placed in a novel brightly-lit rectangle (46 cm × 33 335 

cm × 28 cm, length × width × height) plexiglass chamber for 15 min. The activity of mice 336 

was recorded and analyzed by an infrared tracking software (ViewPoint Life Sciences). 337 

During analysis the arena was subdivided into three concentric zones named the inner (23 338 

cm × 16.5 cm, length × width), middle (35 cm × 25 cm, length × width), and outer zones. 339 

The percentage of time in each zone was calculated.  340 

Three chamber test. The three-chamber social test was conducted in mice of (P45-50) 341 
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as described previously (Neul et al., 2010; Peter et al., 2016; Zhang et al., 2016). The 342 

apparatus consisted of a rectangular plexiglas box (60 cm × 35 cm × 10 cm, length × width 343 

× height) evenly divided into three chambers. Age- and gender-matched WT target subjects 344 

(strangers 1 and 2) were habituated for 5 consecutive days before the test by being placed 345 

inside metal-wired cages. On the test day, test mice were placed in the central chamber 346 

for 10-min habituation. Stranger 1 was introduced into a wire cage in one chamber and the 347 

empty chamber served as an inanimate object with no social valence. The dividers were 348 

then raised to allow test mice to freely explore all three chambers over a 5-min session. 349 

The time spent in each chamber was recorded and the ratio of (S1-E) to (S1+E) was 350 

calculated as the preference index (S1-E). Subsequently, Stranger 2 was introduced to the 351 

other chamber. Again, test mice spent another 10 min in exploring the entire apparatus. 352 

The total time spent in each chamber was recorded and the ratio of (S2-S1) to (S2+S1) 353 

was measured as the preference index (S2-S1). 354 

Statistics. Data analyses were performed using Excel 2003 (Microsoft), Clampfit 10 355 

and Igor Pro 6.0 (Wavemetrics). Statistical differences were determined using the unpaired 356 

two-sided Student’s t test for two group comparisons or a one-way ANOVA test followed 357 

by Tukey’s post hoc test for multiple comparisons. The accepted level of significance was 358 

p < 0.05. n represents the number of cells, cultures, or animals tested. Error bars in the 359 

text and figures are presented as mean ± SEM. 360 

361 
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Results 362 

TFR1 deficiency in PCs does not affect cyto-architecture in the cerebellum 363 

We first observed the expression of TFR1 in PCs in the developing cerebellum. The 364 

immunostaining showed that TFR1 was increasingly expressed in mouse PCs at young 365 

ages (P2, P7, and P14) (Fig. 2A), which was confirmed by TFR1 bands following RT-PCR 366 

of mRNA extracted from PCs at P7 and P14 (Fig. 2B). We next examined the presence of 367 

TFR1 at parallel fiber-PC synapses using a synaptosome assay from TFR1flox/flox mice 368 

(P21). Our results demonstrated that the signal of vGluT1, a putative marker of parallel 369 

fiber terminal, overlapped with TFR1 (Fig. 2C). Meanwhile, EAAT4, which is recognized as 370 

the marker of PC spines (Dehnes et al., 1998), also co-localized with TFR1 (Fig. 2D). 371 

These data indicate that TFR1 is expressed at both pre- and post-synaptic sites of parallel 372 

fiber-PC synapses. 373 

To assess the roles of TFR1 in PCs, we generated conditional knockout mice 374 

(TFR1flox/flox;pCP2-cre) that specifically ablates TFR1 in PCs. The efficiency of deletion was 375 

confirmed by lack of TFR1 mRNA (Fig. 3A) and TFR1 immunostaining in TFR1flox/flox;pCP2-376 

cre PCs (Fig. 3B). The body weight and size of the cerebellum of TFR1flox/flox;pCP2-cre 377 

mice appeared normal at P21 (Fig. 3C). In terms of cerebellar cyto-architecture, PC-378 

specific TFR1 deletion did not interfere with the formation or thickness of lobules (Fig. 3D). 379 

The average of lobule V/VI thickness was 715 ± 55 μm in TFR1flox/flox mice (n = 7) and 747 380 

± 67 μm in TFR1flox/flox;pCP2-cre mice (n = 7) (p = 0.35). Also, dendritic branching and spine 381 

density of PCs were kept intact in TFR1flox/flox;pCP2-cre mice (Fig. 3E) as shown by the 382 

immunostaining for calbindin and EAAT4. Average dendritic tree area was 5.3 ± 0.3 ×103 383 
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μm2 (TFR1flox/flox; n = 14) and 5.2 ± 0.2 ×103 μm2 (TFR1flox/flox;pCP2-cre; n = 14) (p = 0.54). 384 

Total dendritic length was 664 ± 96 μm (TFR1flox/flox; n = 14) or 679 ± 101 μm 385 

(TFR1flox/flox;pCP2-cre; n = 14) (p = 0.28). The number of spines over 10 μm dendritic 386 

fragment was 19 ± 1.5 (TFR1flox/flox; n = 12) or 19 ± 1.3 (TFR1flox/flox;pCP2-cre; n = 12) (p = 387 

0.72). Different from the result from TFR1flox/flox;nestin-cre mice (Liu et al., 2016), the 388 

present findings indicate that PC deletion of TFR1 does not affect the morphology of 389 

neuronal dendrites. 390 

 391 

mGlu1 expression is reduced at PC synapses in TFR1flox/flox;pCP2-cre mice 392 

Synaptic expression of ionotropic glutamate receptor subunits is down-regulated in 393 

hippocampal CA1 neurons of TFR1flox/flox;nestin-cre mice (Liu et al., 2016). We therefore 394 

examined the expression of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 395 

receptor (AMPAR) subunit GluA2 in the cerebellum in relation to TFR1 and calbindin. TFR1 396 

expression was significantly reduced in both total and PSD fractions of TFR1flox/flox;pCP2-397 

cre mice compared with TFR1flox/flox mice (P21) (Fig. 4A). The remaining TFR1 in the 398 

molecular layer was probably from granule cells, which also expressed TFR1 (Fig. 3B). 399 

The amount of calbindin in TFR1flox/flox;pCP2-cre mice was similar to that in TFR1flox/flox mice 400 

(p = 0.69; Fig. 4A), again indicating that PC development is normal in TFR1flox/flox;pCP2-401 

cre mice. GluA2 expression at synapses was unaltered in TFR1flox/flox;pCP2-cre mice (p = 402 

0.37; Fig. 4A). Likewise, the frequency and amplitude of AMPA miniature EPSCs (mEPSCs) 403 

were unchanged (frequency: p = 0.56; amplitude: p = 0.67; Fig. 4B). Consistent with these 404 

observations, evoked climbing fiber transmissions were unaltered in TFR1flox/flox;pCP2-cre 405 
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mice (p = 0.25; Fig. 4C). Climbing fiber-EPSCs were elicited in an all-or-none fashion in 406 

the vast majority of PCs in both TFR1flox/flox and TFR1flox/flox;pCP2-cre mice (Fig. 4C), 407 

suggesting that the elimination of multiple climbing fiber innervation develops normally. 408 

Interestingly, we found that synaptic mGlu1 was significantly reduced in 409 

TFR1flox/flox;pCP2-cre mice (40 ± 7% of TFR1flox/flox) while its total expression was not 410 

affected (90 ± 6% of TFR1flox/flox; Fig. 4A). Since mGlu1 is normally highly expressed in 411 

PCs (Ichise et al., 2000), this result suggests that PC ablation of TFR1 may reduce mGlu1 412 

expression at PC synapses. Hence, we recorded mGlu1 currents in PCs using ex vivo 413 

whole-cell recordings. Following burst stimulation (100 Hz) of parallel fibers under a holding 414 

voltage of -70 mV in artificial cerebrospinal fluid (aCSF) in the presence of 5 μM NBQX, 415 

PCs displayed AMPAR-mediated EPSCs and a slow mGlu1-EPSC (Fig. 4D) (Kim et al., 416 

2008; Zhou et al., 2015). We found that the peak amplitude of mGlu1-EPSC was 417 

significantly reduced in TFR1flox/flox;pCP2-cre mice (115 ± 14 pA; n = 21) compared to the 418 

current recorded in TFR1flox/flox mice (257 ± 21 pA; n = 20) (p = 0.0071; Fig. 4D). 419 

Furthermore, mGlu1 currents were evoked in PCs by locally applying a brief pulse of aCSF 420 

containing its agonist 3,5-dihydroxyphenylglycine (DHPG, 100 μM) (Kim et al., 2008; Zhou 421 

et al., 2015). Similar to the results obtained with electric stimulation, DHPG-induced 422 

currents were markedly reduced in TFR1flox/flox;pCP2-cre mice (127 ± 25 pA; n = 15) 423 

compared to the current recorded in TFR1flox/flox mice (315 ± 43 pA; n = 15) (p = 0.0083; 424 

Fig. 4E). Together, these results indicate that PC ablation of TFR1 prominently affects the 425 

expression and function of mGlu1 at PC synapses. 426 

mGlu1 activation triggers an endocannabinoid production in PCs (Maejima et al., 2001; 427 
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Varma et al., 2001), which suppresses synaptic transmission (Maejima et al., 2001; Crepel 428 

and Daniel, 2007). Thus, we investigated whether endocannabinoid-mediated suppression 429 

of synaptic transmission is affected by TFR1 ablation. In TFR1flox/flox mice (P8-12), applying 430 

DHPG (100 μM) to the bath for 5 min induced a significant decrease in the mean amplitude 431 

of parallel fiber-EPSCs to 48 ± 6% (n = 10) of basal (p = 0.0045) (Fig. 5A), which was 432 

accompanied by an increase in PPF from 1.69 ± 0.05 to 2.25 ± 0.07 at the peak of DHPG 433 

effect (n = 10; p = 0.0079) (Fig. 5A). Similar results were obtained in TFR1flox/flox;pCP2-cre 434 

mice (P8-12), as here too DHPG induced a decrease (49 ± 4%; n = 10; p = 0.0037) 435 

compared to basal in the amplitude and an increase from 1.68 ± 0.06 to 2.17 ± 0.07 (n = 436 

10; p = 0.0037) in PPF (Fig. 5A). Furthermore, the application of DHPG (100 μM) caused 437 

a depression of climbing fiber-EPSCs and an increase in paired-pulse depression (PPD) 438 

in both TFR1flox/flox and TFR1flox/flox;pCP2-cre mice (P8-12) (Fig. 5B). These results suggest 439 

that encocannabinoid-dependent suppression of PC neurotransmission is intact in 440 

TFR1flox/flox;pCP2-cre mice. 441 

The GABAergic transmission from interneurons to PCs was measured in TFR1flox/flox 442 

and TFR1flox/flox;pCP2-cre mice (P21). We found that neither frequency nor amplitude of 443 

mIPSCs was changed (Fig. 6A). eIPSCs were also recorded from PCs according to 444 

previous literature (Ikeda et al., 2013). As we increased the stimulation intensity, eIPSC 445 

amplitudes recorded from TFR1flox/flox and TFR1flox/flox;pCP2-cre mice increased almost 446 

linearly and reached a similar plateau level (Fig. 6B). We found that mean eIPSC 447 

amplitudes at a series of intensities were not different between TFR1flox/flox and 448 

TFR1flox/flox;pCP2-cre (Fig. 6B). These recordings suggest that GABAergic transmission 449 
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onto PCs is not affected by TFR1 deletion. This conclusion was corroborated by the 450 

immunohistochemical analysis with the use of the pre- and post-synaptic markers, vGAT 451 

and gephyrin, respectively. Our results indicated that the distribution and intensity of 452 

GABAergic synapses are quite similar among TFR1flox/flox and TFR1flox/flox;pCP2-cre mice 453 

(Fig. 6C). 454 

 455 

TFR1 affects the trafficking of mGlu1 456 

mGlu1 is internalized and recycled back to the cell membrane upon ligand exposure 457 

(Dhami and Ferguson, 2006; Francesconi et al., 2009; Choi et al., 2011). Therefore, the 458 

intracellular trafficking of mGlu1 was examined to find out how synaptic mGlu1 can be 459 

reduced in mutant mice. DHPG (100 μM) was applied to cerebellar slices for 10 min, and 460 

the level of synaptic mGlu1 was measured 30-40 min (for endocytosis) or 180-190 min (for 461 

recycling) later (Pandey et al., 2014; Zhou et al., 2015). In control slices, synaptic mGlu1 462 

decreased to 44 ± 4% of basal level at t = 40 min (n = 4) and returned to 80 ± 6% at t = 463 

190 min (n = 4) (Fig. 7A), consistent with previous work (Zhou et al., 2015). In 464 

TFR1flox/flox;pCP2-cre slices, synaptic mGlu1 decreased to 34 ± 5% of basal level at t = 40 465 

min (n = 4) and returned to 36 ± 7% at t = 190 min (n = 4) (Fig. 7A), suggesting that TFR1 466 

deletion exaggerates the internalization and inhibits the recycling of mGlu1. To further 467 

investigate the effect of TFR1 on mGlu1 expression, myc-mGlu1α was transfected to 468 

HEK293 cells alone or with GFP-TFR1 (Fig. 7B). Both myc-mGlu1 and GFP-TFR1 were 469 

detected in the Triton X-100-insoluble and -soluble fractions (Fig. 7C). The action of TFR1 470 

on the membrane expression of mGlu1α was examined by quantifying the mGlu1 ratio of 471 
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insoluble/soluble fractions (Ohtsuka et al., 2002). Co-expression of TFR1 significantly 472 

increased mGlu1α expression in the Triton X-100-insoluble fraction, compared to that in 473 

absence of TFR1 (p = 0.0073; Fig. 7C). These results support the idea that TFR1 promotes 474 

the presence of mGlu1α on the membrane.  475 

In vitro studies have shown that Rab8 antagonizes mGlu1 internalization (Esseltine et 476 

al., 2012) and that Rab11 participates in mGlu1 recycling (Pandey et al., 2014). To examine 477 

whether TFR1 interacts with Rab proteins we set up some co-IP experiments. These co-478 

IP experiments showed that both Rab8 and Rab11 were robustly precipitated by TFR1 in 479 

vivo (Fig. 7D), indicating the ability of TFR1 to interact with Rab8 and Rab11. Unexpectedly, 480 

TFR1 did not directly bind to mGlu1 (Fig. 7D). Rab8 and Rab11 require secure association 481 

with the membrane to execute their functions (Li et al., 2009; Esseltine et al., 2012). 482 

Accordingly, the levels of Rab8 and Rab11 at PC synapses were measured in TFR1flox/flox 483 

and TFR1flox/flox;pCP2-cre mice. We found that both Rab8 and Rab11 were significantly 484 

attenuated in PSD fraction of TFR1flox/flox;pCP2-cre mice compared with that in TFR1flox/flox 485 

mice (Rab8: 47 ± 6%, p = 0.0075; Rab11: 35 ± 5%, p = 0.0068), whereas their total 486 

expressions were not altered (Rab8, p = 0.87; Rab11, p = 0.54; Fig. 7E), indicating that 487 

Rab8 and Rab11 are tethered in the cytoplasm due to TFR1 deficiency. Interestingly, we 488 

also found that TFR1 significantly increased the expression of Rab8 and Rab11 in the 489 

Triton X-100-insoluble fraction in HEK293 cells (Fig. 7C). Together, these results suggest 490 

that TFR1 contributes to the regulation of mGlu1 trafficking at least in part by regulating 491 

the actions of Rab8 and Rab11. The presence of TFR1 enhances the synaptic expression 492 

of Rab proteins and thereby facilitates surface expression of mGlu1; instead, the absence 493 
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of TFR1 may keep Rab8 and Rab11 tethered in the cytoplasm of the dendrites, thus 494 

increasing the internalization of mGlu1 and impeding the recycling of endosomes (Fig. 7F). 495 

 496 

Deletion of TFR1 impairs parallel fiber-LTD, but not parallel fiber-LTP 497 

mGlu1 is essential for the induction of parallel fiber-LTD (Ichise et al., 2000; Brasnjo and 498 

Otis, 2001). Given that mGlu1 at PC synapses was reduced in TFR1flox/flox;pCP2-cre mice, 499 

LTD was examined at parallel fiber-PC synapses in voltage-clamp mode (-70 mV) at RT. 500 

As shown by example responses to parallel fiber stimulation, TFR1flox/flox PCs showed 501 

robust LTD at the parallel fiber to PC synapse (t = 38 min: 59 ± 6% of baseline; n = 15; 502 

Figs. 8A, B) in response to repetitive parallel fiber stimulation at 100 Hz for 100 ms paired 503 

with PC depolarization. In contrast, LTD induction was strongly inhibited in 504 

TFR1flox/flox;pCP2-cre PCs (t = 38 min: 94 ± 4% of baseline; n = 14; p = 0.0045) (Figs. 8A, 505 

B). Meanwhile, the ratio of paired-pulse facilitation (PPF), as measured with an 506 

interstimulus interval of 80 ms, was not changed in the TFR1flox/flox;pCP2-cre mice (p > 0.94 507 

at t = 38 min; Fig. 8C). We also examined LTP at parallel fiber synapses in TFR1flox/flox and 508 

TFR1flox/flox;pCP2-cre mice using a 1-Hz tetanus protocol (Wang et al., 2014a; Zhou et al., 509 

2015). After acquiring stable EPSCs in voltage-clamp mode (-70 mV), a tetanus stimulation 510 

(1 Hz for 5 min) was delivered to parallel fibers (Fig. 8D). The potentiation of EPSCs was 511 

130 ± 5% of baseline in TFR1flox/flox mice (t = 38 min; n = 11) and 129 ± 6% (t = 38 min; n 512 

= 12) in TFR1flox/flox;pCP2-cre mice (Fig. 8E), suggesting that TFR1 is not associated with 513 

parallel fiber-LTP (p = 0.87 at t = 38 min). Here too, the PPF ratio was unaffected (p = 0.90 514 

at t = 38 min; Fig. 8F).  515 



 

 26 

  We continued to investigate whether parallel fiber-LTD could be restored in 516 

TFR1flox/flox;pCP2-cre PCs when they were compensated for a lack of functional mGlu1. To 517 

this end, TFR1flox/flox;pCP2-cre PCs in lobule V were transfected with SFV-packed eGFP-518 

mGlu1 or eGFP (Fig. 8G) and subsequently subjected to LTD induction. We found that 519 

parallel fiber-LTD could be successfully induced in PCs expressing mGlu1-eGFP (t = 38 520 

min: 71 ± 6% of baseline; n = 14) but not in those cells only expressing eGFP (t = 38 min: 521 

93 ± 7% of baseline; n = 14) (Fig. 8H, I). PPF ratios were not changed in either condition 522 

(Fig. 8J). Hence, we conclude that the abrogation of parallel fiber-LTD is due to the 523 

reduction of mGlu1 in TFR1flox/flox;pCP2-cre PCs. 524 

 525 

Deletion of TFR1 has no effect on mGlu1 plasticity  526 

mGlu1-EPSCs exhibit a persistent depression (mGlu1-LTD) following climbing fiber 527 

stimulation-like depolarization (Kim et al., 2007; Zhou et al., 2015). To address whether 528 

TFR1 might be involved in mGlu1-LTD, we recorded mGlu1-EPSCs for a stable period and 529 

applied a 5-s step depolarization from -70 mV to 0 mV to clamped PCs (Fig. 9A). In 530 

TFR1flox/flox PCs, mGlu1-EPSCs decreased immediately and showed a strong depression 531 

30 min later (25 ± 6% of baseline; n = 12) (Fig. 9B). Likewise, the amplitude of mGlu1-532 

EPSC was reduced after depolarization in TFR1flox/flox;pCP2-cre PCs (t = 30 min: 30 ± 6% 533 

of baseline; n = 12) (Fig. 9B), showing no difference between controls and mutants (p = 534 

0.83). These data suggest that TFR1 is not involved in mGlu1-LTD. We further investigated 535 

whether TFR1 is involved in a transient upregulation of mGlu1 currents (mGlu1-STP), 536 

which can be induced by brief depolarizing currents on PCs (Batchelor and Garthwaite, 537 
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1997; Kim et al., 2008; Zhou et al., 2015). After recording a test mGlu1-EPSC, somatic 538 

depolarization to 0 mV was delivered for 100 ms to the recorded PC, while a second 539 

mGlu1-EPSC was evoked at different intervals (Fig. 9C). The conditioning depolarization 540 

produced a potentiation of mGlu1 current, but had no effect on AMPAR-EPSCs (Fig. 9C). 541 

We found that mGlu1-STP was robustly induced in both control and TFR1-cKO PCs at 542 

similar degrees across a range of intervals (p > 0.05; Fig. 9C), indicating that TFR1 is not 543 

involved in mGlu1-STP. These results suggest that stimulation protocols for mGlu1-STP 544 

and mGlu1-LTD do not require dynamic transport of mGlu1 and that mGlu1 plasticity may 545 

be triggered by altered activity of mGlu1-associated proteins.  546 

 547 

TFR1 ablation does not change intrinsic excitability in PCs 548 

The intrinsic properties of PCs govern the functions of cerebellar circuits and have a major 549 

impact on its simple spike output (Zhou et al., 2014). We therefore examined the intrinsic 550 

excitability of PCs by measuring their simple spike (here referred to as action potentials, 551 

APs) evoked by depolarizing current steps with increasing amplitude (Fig. 10A). Evoked 552 

APs showed comparable thresholds (TFR1flox/flox: 52 ± 3 mV; TFR1flox/flox;pCP2-cre: 51 ± 3 553 

mV), amplitudes (TFR1flox/flox: 41 ± 6 mV; TFR1flox/flox;pCP2-cre: 40 ± 6 mV), half-widths 554 

(TFR1flox/flox: 0.3 ± 0.03 ms; TFR1flox/flox;pCP2-cre: 0.3 ± 0.02 ms) and after-555 

hyperpolarization amplitudes (TFR1flox/flox: 8 ± 2 mV; TFR1flox/flox;pCP2-cre: 7 ± 2 mV) in 556 

TFR1flox/flox PCs (n = 22) and TFR1flox/flox;pCP2-cre PCs (n = 23) (Figs. 10B-E). Moreover, 557 

PC intrinsic excitability was normal, as shown by PC responses to 400-pA current injection 558 

in TFR1flox/flox and TFR1flox/flox;pCP2-cre mice (Fig. 10F). Current step injections of 559 
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increasing amplitude resulted in a linear current-to-firing frequency relationship with similar 560 

(p = 0.48) slopes between TFR1flox/flox (16 ± 1; n = 11) and TFR1flox/flox;pCP2-cre (18 ± 1; n 561 

= 11) mice (Fig. 10G). Together, these findings indicate that PC intrinsic excitability remains 562 

intact in TFR1flox/flox;pCP2-cre mice. 563 

    Since LTP was reported to facilitate adaptation of intrinsic properties and drive spike 564 

activity (Schonewille et al., 2010; Peter et al., 2016), we next examined PC intrinsic 565 

plasticity before and after parallel fiber-LTP induction (Fig. 10H). Our results indicated that 566 

both TFR1flox/flox and TFR1flox/flox;pCP2-cre mice readily demonstrated a potentiation of 567 

intrinsic excitability (TFR1flox/flox: 130 ± 5%, n = 11; TFR1flox/flox;pCP2-cre: 131 ± 6%, n = 12; 568 

p =0.62) 40 min after induction (Fig. 10I). These results suggest that TFR1 is not a 569 

modulator for intrinsic plasticity in PCs. 570 

 571 

PC spontaneous spikes are unaltered in TFR1flox/flox;pCP2-cre mice 572 

While whole-cell patch-clamp recordings from PCs may disrupt physiological PC 573 

responses, cell-attached recordings provide a less invasive technique for measuring PC 574 

excitability (Perkins, 2006; Belmeguenai et al., 2010). Here, we recorded spontaneous 575 

spikes of PCs in cerebellar slices from TFR1flox/flox and TFR1flox/flox;pCP2-cre mice with cell-576 

attached recordings in order to determine PC excitability when TFR1 is deleted. The 577 

recordings of spontaneous spikes were made in anterior (I-III) and posterior lobules (IX-X), 578 

because they are dominated by different expression patterns of proteins involved in 579 

intrinsic excitability (Zhou et al., 2014) and because abnormalities in different lobules may 580 

have different clinical implications (Mosconi et al., 2015; Peter et al., 2016). In both the 581 
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anterior and posterior lobules the firing frequency of TFR1flox/flox;pCP2-cre PCs was not 582 

significantly different from that of controls. The averages of firing frequency were 72 ± 15 583 

(TFR1flox/flox, n = 15) and 80 ± 20 (TFR1flox/flox;pCP2-cre, n = 18) (p = 0.35) in anterior lobules 584 

(Fig. 11A), and 52 ± 14 (TFR1flox/flox, n = 14) and 58 ± 14 (TFR1flox/flox;pCP2-cre, n = 20) (p 585 

= 0.27) in posterior lobules (Fig. 11B). 586 

The protocol for parallel fiber-LTP can trigger intrinsic plasticity of PCs (Belmeguenai 587 

et al., 2010; Peter et al., 2016). To further characterize the intrinsic plasticity of 588 

TFR1flox/flox;pCP2-cre PCs, we delivered a 100 Hz burst protocol to parallel fibers in 589 

cerebellar slices and recorded spontaneous spikes of PCs in lobules IX-X before and after 590 

the tetanus (Fig. 11C). The application of parallel fiber bursts resulted in comparable 591 

increases in the spontaneous spike rate of both TFR1flox/flox PCs (123 ± 5% of baseline at 592 

t = 40 min; n = 7) and TFR1flox/flox;pCP2-cre mice (124 ± 5% at t = 40 min; n = 8) (p = 0.52; 593 

Fig. 11D). Together, these data indicate that ablation of TFR1 does not affect the excitability 594 

of PCs. 595 

 596 

TFR1 ablation in PCs impairs motor coordination, but not social behaviors  597 

We have previously demonstrated that down-regulation of mGlu1 and lack of parallel fiber-598 

LTD by protein Numb deletion can be associated with impairment in motor coordination 599 

(Zhou et al., 2015). Since synaptic mGlu1 was also reduced in TFR1flox/flox;pCP2-cre mice, 600 

we predicted that TFR1 deficiency in PCs might impair motor coordination. Although 601 

TFR1flox/flox;pCP2-cre mice did not show overt ataxia in standard cages, they indeed 602 

performed poorly when walking on a narrow elevated beam, with a remarkably higher 603 
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number of hind-paw slips (Fig. 12A). They also exhibited impaired motor learning in that 604 

they showed limited improvement on the accelerating rotarod compared to controls after 6 605 

sessions (Fig. 12B). These results indicate that TFR1 deficiency in PCs impairs motor 606 

coordination. 607 

Increasing evidence has highlighted the importance of PC synaptic function for autism 608 

beyond classical motor-related behavior. Global or PC-specific deletion of syndromic or 609 

non-syndromic autism-related genes, such as Fmr1 (Koekkoek et al., 2005), Nlgn3 610 

(Baudouin et al., 2012; Zhang et al., 2015), TSC1 (Tsai et al., 2012), and Shank2 (Peter et 611 

al., 2016), result in autistic-like behaviors. In all these genetic mouse models some deficits 612 

in PC physiology, such as parallel fiber-LTP, mGlu1-dependent LTD or intrinsic excitability, 613 

have been found to possibly explain the formation of autistic-like behaviors (Koekkoek et 614 

al., 2005; Baudouin et al., 2012; Tsai et al., 2012; Piochon et al., 2014; Peter et al., 2016). 615 

Given that mGlu1 was down-regulated (Fig. 4) and that induction of parallel fiber-LTD was 616 

affected (Fig. 8) in TFR1flox/flox;pCP2-cre mice, we investigated autism-related behaviors of 617 

these mutant mice using the three-chamber social interaction task, a widely used social 618 

interaction paradigm to evaluate autistic-like behavior in mouse models of autism 619 

(Schmeisser et al., 2012; Won et al., 2012). TFR1flox/flox mice exhibited a normal preference 620 

for the chamber in which a stranger mouse (S1) was present, compared with the empty 621 

chamber (Figs. 12C, D). Similarly, TFR1flox/flox;pCP2-cre mice also displayed the preference 622 

for S1 (Figs. 12C, D). The time of sniffing onto the S1 cage was similar among TFR1flox/flox 623 

(131 ± 13 s; n = 13) and TFR1flox/flox;pCP2-cre  (130 ± 14 s; n = 10) groups (Fig. 12E’; p = 624 

0.22). Comparing the preference index (stranger-empty) revealed no difference (p = 0.47) 625 
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for the stranger mouse between TFR1flox/flox (40 ± 4; n = 12) and TFR1flox/flox;pCP2-cre mice 626 

(39 ± 5; n = 11) (Fig. 12E). With the introduction of a second stranger in the previously 627 

empty chamber, both the TFR1flox/flox and TFR1flox/flox;pCP2-cre mice demonstrated an 628 

increased preference for the novel stranger (S2), compared with the familiar mouse (S1) 629 

(Figs. 12F, G). The time of sniffing onto the S2 cage was similar among TFR1flox/flox (71 ± 5 630 

s; n = 13) and TFR1flox/flox;pCP2-cre (70 ± 3 s; n = 10) groups (Fig. 12H’; p = 0.34). Again, 631 

no difference (p = 0.53) was found between TFR1flox/flox (24 ± 4; n = 12) and 632 

TFR1flox/flox;pCP2-cre (22 ± 3; n = 11) mice comparing the preference index (S2-S1) (Fig. 633 

12H). Finally, we looked at the anxiety of TFR1flox/flox;pCP2-cre mice that could have 634 

potentially biased the social behavior assessments (Fig. 12I). The open field test showed 635 

no differences in time spent in the inner, middle, or outer zones between TFR1flox/flox (n = 636 

17) and TFR1flox/flox;pCP2-cre mice (n = 15) (Fig. 12I). Together, these results indicate that 637 

TFR1flox/flox;pCP2-cre mice do not exhibit deficits in social interaction. 638 

639 
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Discussion 640 

In the present study, we investigated the regulation of mGlu1 expression as well as motor 641 

coordination and autism-related behaviors in TFR1flox/flox;pCP2-cre mice. We show that: (i) 642 

TFR1 deficiency does not overtly influence PC development, (ii) TFR1 deficiency 643 

decreases constitutive expression of synaptic mGlu1 in PCs and inhibits the induction of 644 

parallel fiber-LTD, but not parallel fiber-LTP and intrinsic plasticity of PCs, (iii) TFR1 645 

modulates the trafficking of mGlu1 through Rab8 and Rab11, (iv) PC-specific TFR1 646 

deletion impairs motor coordination, but not autistic-like behaviors. Together, these findings 647 

underscore the importance of TFR1 in regulating the trafficking and constitutive expression 648 

of mGlu1, and suggest that mGlu1-dependent parallel fiber-LTD can be associated with 649 

motor coordination, but not autistic-like behaviors. 650 

As an iron transporter, TFR1 is critical for iron uptake and homeostasis in erythrocyte 651 

and immune systems (Tacchini et al., 2002; Ng et al., 2006). However, it appears that in 652 

neurons the role of TFR1 is more prominent in non-iron-transport than in iron homeostasis 653 

(Liu et al., 2016). Accordingly, TFR1 is distributed in a polarized fashion in that it is 654 

prominently present in neuronal dendrites and that it co-localizes with pre/post-synaptic 655 

proteins (West et al., 1997; Liu et al., 2016), implicating a role in synaptic function. Indeed, 656 

Liu et al. (2016) found that both the postsynaptic density and the level of pre/post-synaptic 657 

proteins, such as synaptophysin and PSD95, are reduced in mutant mice lacking TFR1 in 658 

their neurons. However, our experiments showed that ablation of TFR1 selectively in PCs 659 

does not affect the gross morphology of cerebellar lobules or the development of spine and 660 

dendrites in PCs. Possibly, these differences can be attributed to the knockout strategy in 661 
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that a nestin promoter-driven knockout will suffer not only from post-synaptic, but also pre-662 

synaptic deficits. This hypothesis is supported by electrophysiological recordings showing 663 

that pre-synaptic release is reduced in TFR1flox/flox;nestin-cre mice (Liu et al., 2016), but not 664 

in the TFR1flox/flox;pCP2-cre mice, as indicated by the unaltered frequency of PC-mEPSCs 665 

and unchanged parallel fiber and climbing fiber EPSCs (Fig. 4). The pre-synaptic defect 666 

may explain increased synaptic expression of GluA2 in hippocampal CA1 neurons of 667 

TFR1flox/flox;nestin-cre mice (Liu et al., 2016), because the expression of post-synaptic 668 

glutamate receptors is closely related to synaptogenesis (Garnera et al., 2002). Thus, 669 

TFR1 may play a role in regulating synapse development and neurotransmission efficacy 670 

at the pre-synaptic site, but how it is involved in the modulation of pre-synaptic proteins 671 

and transmitter-containing vesicles needs to be further investigated using specifically, pre-672 

synaptic promoter-driven TFR1 knockout mice. 673 

mGlu1/5, which is critical for synapse formation and synaptic plasticity, is implicated 674 

in various neurological diseases like ataxia, memory deficits, mental retardation and 675 

epilepsy (Aiba et al., 1994a; Aiba et al., 1994b; Huber et al., 2000; Ichise et al., 2000; 676 

Brasnjo and Otis, 2001; Hannan et al., 2001; Coesmans et al., 2003; Koekkoek et al., 2005; 677 

Lüscher and Huber, 2010; Ribeiro et al., 2010; D’Antoni et al., 2014). However, the 678 

mechanisms controlling trafficking of mGlu1/5 remains largely unkown. Our present work 679 

suggests that TFR1 regulates endocytosis and recycling of mGlu1, and thereby affects 680 

constitutive expression of mGlu1 at PC synapses. The molecular mechanism underlying 681 

the regulation of TFR1 on mGlu1 remains elusive, as in vivo co-IP shows no direct 682 

interaction between TFR1 and mGlu1 (Fig. 7D). However, TFR1 turns out to bind to Rab8 683 
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and Rab11 (Fig. 7D) and loss of TFR1 reduces the level of these proteins at synapses (Fig. 684 

7E). These findings are in line with previous work. The endocytosis of G protein-coupled 685 

receptors mainly requires clathrin-coated pits and machinery proteins including arrestin 686 

and dynamin (Mundell et al., 2001), PKC (Mundell et al., 2003) and Rab8 (Esseltine et al., 687 

2012). Moreover, the recycling of mGlu1 depends largely on protein phosphatase 2A 688 

(PP2A) and Rab11 (Pandey et al., 2014). Thus, we hypothesize that TFR1 might control 689 

mGlu1 trafficking at PC synapses by facilitating the recruitment of Rab8 and Rab11 into 690 

the membrane area, and thereby strengthening constitutive expression of mGlu1. However, 691 

other possibilities cannot be excluded. For example, TFR1 may regulate other mGlu1-692 

trafficking proteins and may interact with the clathrin complex through links to adaptor 693 

protein adaptin-2 (Ohno et al., 1995). It is possible that TFR1 works as a specified protein 694 

to select cargos recruited by clathrin-mediated vesicles. To address this issue, correlations 695 

between TFR1 and recycling and endocytic vesicles need to be investigated. 696 

Given that mGlu1 deletion impairs both parallel fiber-LTD and synapse formation 697 

during development (Ichise et al., 2000), mGlu1-knockout mice are not ideal for studying 698 

specific roles of mGlu1 in PC function in isolation. Certainly, the ideal strategy might be PC 699 

deletion of mGlu1 in adult animals in an inducible fashion (e.g. tamoxifen-mediated Cre 700 

recombination; Yang et al., 2014). But, ablation of TFR1 specifically in PCs allowed us now 701 

to examine how dys-regulated mGlu1 acts on cerebellar plasticity and motor behaviors, as 702 

PC morphology and synapse formation were not affected by TFR1 deletion. We found that 703 

parallel fiber-LTD and motor coordination were impaired, whereas parallel fiber-LTP and 704 

intrinsic plasticity were unaffected by reduced synaptic mGlu1, which is in line with the 705 
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historic view that parallel fiber-LTD may be one of the mechanisms for cerebellar learning 706 

(Linden and Connor, 1995; Ito, 2002; Yamaguchi et al., 2016). Similar conclusions were 707 

drawn following application of auto-antibodies against mGlu1 to cerebellar tissue in vitro 708 

and in vivo (Coesmans et al., 2003); here too, a combination of deficits in LTD induction 709 

and motor coordination was found. However, an increasing body of evidence is suggesting 710 

an even more prominent role of parallel fiber-LTP in motor coordination (Andreescu et al., 711 

2007; Schonewille et al., 2010; Schonewille et al., 2011; Hesslow et al., 2013; Peter et al., 712 

2016; Gutierrez et al., 2017). Possibly, the dominant roles of the various forms of plasticity 713 

is to a large extent determined by the intrinsic properties of the PCs of the various types of 714 

olivocerebellar modules involved (De Zeeuw and ten Brinke, 2015). Indeed, the zebrin-715 

positive zones, the PCs of which fire at relatively low firing frequencies (e.g. those 716 

controlling adaptation of vestibulo-ocular reflex), may benefit in particular from potentiation 717 

mechanisms that increase the firing rate, whereas the predominant zebrin-negative zones, 718 

the PCs of which fire at relatively high firing frequencies (e.g. those controlling locomotion 719 

and eyeblink conditioning), may benefit in particular from suppression mechanisms that 720 

decrease the firing rate (De Zeeuw and ten Brinke, 2015; ten Brinke et al., 2015). Thus, 721 

synaptic and intrinsic plasticity processes at different levels, including those regulating 722 

excitatory and inhibitory transmissions and PC intrinsic excitability, might underlie particular 723 

aspects of motor behaviors (Wulff et al. 2007; Schonewille et al. 2010; Galliano et al. 2013). 724 

To what extent a deficit in mGlu1-dependent LTD contributes to the phenotype on the 725 

accelerating rotarod remains to be determined. 726 

Neuro-imaging studies from patients and animals have revealed that the limbic system 727 
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and cortico-striatothalamo-cortical circuit are major pathological loci for autism spectrum 728 

disorders (Park et al., 2016). Nevertheless, recent evidence shows the importance of 729 

cerebellar dysfunction in autistic behaviors. Many genes disrupted in autism are expressed 730 

in the cerebellum (Fatemi et al., 2012; Wang et al., 2014b). Moreover, PC-specific 731 

mutations of several syndromic or non-syndromic autism genes result in autistic-like 732 

behaviors (Tsai et al., 2012; Zhang et al., 2015; Cupolillo et al., 2016; Peter et al., 2016). 733 

Therefore, an attractive question is how these mutations cause PC dysfunction and autistic 734 

behaviors. Evidence obtained in both rodents and patients shows a close relationship 735 

between mGlu1/5 and autism. In Shank3 mutant mice, mGlu5 is selectively increased at 736 

synapses of striatal neurons (Wang et al., 2016). mGlu5 antagonists revert neuronal 737 

phenotypes in the limbic system and attenuate autistic behaviors in Fmr1 knockout and 738 

Shank3 mutant mice (Koekkoek et al., 2005; Lüscher and Huber, 2010; Vinueza Veloz et 739 

al., 2012; Gantois et al., 2013; Wang et al., 2016). The alteration in mGlu1/5 signaling is 740 

thereby regarded as one of the main causes of the autistic features, as it disrupts 741 

synaptogenesis and synaptic function (Zoghbi and Bear, 2012). In the cerebellum, 742 

knockout of Nlgn3 causes an increase in mGlu1 expression in PCs and inhibits mGlu1-743 

dependent LTD, implying that altered mGlu1-dependent LTD in PCs is involved in autism 744 

(Baudouin et al., 2012). Our present work showed that the reduction in synaptic mGlu1 745 

was sufficient to impair parallel fiber-LTD and motor learning, but it did not affect autism-746 

related social behaviors. These findings indicate that a deficit in mGlu1-dependent LTD by 747 

itself is not sufficient to cause autism. 748 

So what are the critical factors for the generation of autism? One of the main factors 749 
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which might determine that autistic features may be linked to mutations of for example Tsc1 750 

or Nlgn3 is the fact that these latter mutations introduce, in contrast to the current genetic 751 

deletion of TFR1, structural aberrations of the cyto-architecture of the cerebellar cortex 752 

during early development (Baudouin et al., 2012; Tsai et al., 2012; Zhang et al., 2015). 753 

Such early deterioration in cerebellar function might affect coherent firing in the cortico-754 

striatothalamo-cortical circuits from early on and prevent for example expectation of reward 755 

processing (Wagner et al., 2017), generating an increase in repetitive behavior and 756 

abnormal social interactions. Thus, the contributions of autism-related genes in PC 757 

dysfunction may reside in various mechanisms, which might differentially be involved in 758 

motor coordination and social-related behaviors. Future molecular and functional studies 759 

have to elucidate the exact mechanisms by which syndromic and non-syndromic autism-760 

related genes regulate PC function and influence autistic-like behaviors. The current 761 

findings on TFR1 and its role in mGlu1/5 trafficking through Rab8 and Rab11 in PCs may 762 

help to design future strategies to treat related motor disorders in adults, but does not 763 

appear to be the first target of choice for intervening at autism-like disorders early in 764 

development. 765 

 766 
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Figure legends 1057 

Figure 1. The gene targeting strategy for the generation of TFR1flox/flox mice. A LoxP was 1058 

inserted into intron 2. Another loxP along with a FRT-flanked PGK/Neo cassette was 1059 

inserted into intron 3. 5’ and 3’ probes used for Southern blot analysis of genomic DNA 1060 

appear in black bars. The loxP and FRT elements are shown as filled and open triangles, 1061 

respectively. 1062 

 1063 

Figure 2. TFR1 is expressed at parallel fiber-PC synapses. A, Immunohistochemical 1064 

staining for calbindin (calb, red) and TFR1 (green) in PCs from P2, P7 and P14 ctrl mice. 1065 

Scale bars: 20 μm. B, Electrophoresis of TFR1, calbindin and GAPDH amplicons in 1066 

individual PCs from ctrl mice at P7 (n = 5) and P14 (n = 6). C, Synaptosomes were stained 1067 

with antibodies against vGluT1 and TFR1 (white arrows). Scale bar: 5 μm. D, 1068 

Synaptosomes were stained with antibodies against EAAT4 and TFR1 (white arrows). 1069 

Scale bar: 5 μm. 1070 

 1071 

Figure 3. PC morphogenesis is normal in TFR1flox/flox;pCP2-cre mice. A, Electrophoresis 1072 

of TFR1 (154 bp), calbindin (184 bp) and GAPDH (220 bp) amplicons from individual 1073 

TFR1flox/flox (ctrl, n = 10) and TFR1flox/flox;pCP2-cre (cKO, n = 10) PCs. B, 1074 

Immunohistochemical staining for calbindin (red) and TFR1 (green) in the cerebellum from 1075 

ctrl and cKO mice. Arrowheads show TFR1 signal was absent in PCs of cKO mice. ML, 1076 

molecular layer. PCL, Purkinje cell layer. GCL, granule cell layer. Scale bars: 20 μm. C, 1077 

cKO mice (P21) displayed normal body weight and brain size. Average body weights were 1078 
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17.3 ± 1.7 g (ctrl) and 16.5 ± 1.5 g (cKO) (n = 14 pairs; p = 0.38). n.s., not significant. D, 1079 

Nissl staining in the cerebellum from ctrl and cKO mice (P21). Scale bars: 100 μm. E, 1080 

Immunostaining for calbindin (calb, red) and EAAT4 (green) showed dendrites and spine 1081 

formation were normal in cKO mice. Scale bars: 10 μm. 1082 

 1083 

Figure 4. Synaptic mGlu1 is reduced in TFR1flox/flox;pCP2-cre mice. A, Cerebellar (total) 1084 

and PSD fractions from ctrl and cKO mice were probed with antibodies to TFR1, calbindin 1085 

(calb), GluA2, and mGlu1. GAPDH and PSD95 were internal controls for total and PSD, 1086 

respectively. Histograms show percentage changes of proteins in cKO mice relative to ctrl 1087 

(n = 4 pairs). TFR1: 73 ± 7% (total; p = 0.014) and 44 ± 6% (PSD; p = 0.0067). calb: 101 1088 

± 6% (total; p = 0.69) and 99 ± 7% (PSD; p = 0.45). GluA2: 96 ± 5% (total; p = 0.44) and 1089 

99 ± 6% (PSD; p = 0.37). mGlu1: 90 ± 6% (total; p = 0.31) and 40 ± 7% (PSD; p = 0.0076). 1090 

B, mEPSCs recorded from ctrl (n = 10) and cKO (n = 10) PCs. Averages of frequency were 1091 

2.3 ± 0.2 Hz (ctrl) and 2.2 ± 0.2 Hz (cKO) (p = 0.56). Averages of amplitude were 21 ± 1.3 1092 

pA (ctrl) and 21 ± 1.2 pA (cKO) (p = 0.67). C, Sample recordings of climbing fiber-EPSCs 1093 

from ctrl and cKO PCs. Three traces evoked by different intensities are superimposed. The 1094 

peak averages of climbing fiber-EPSCs were 867 ± 89 pA (ctrl, n = 23) and 880 ± 98 pA 1095 

(cKO, n = 25) (p = 0.25). The right panel shows percentages of discrete steps (1 or 2) of 1096 

climbing fiber-EPSCs. For ctrl: 90% (1) and 9% (2), n = 23. For cKO: 88% (1) and 11% (2), 1097 

n = 25. D, Example mGlu1-EPSCs in response to burst stimulations (grey inset) in ctrl and 1098 

cKO cells. mGlu1-EPSCs were blocked by its antagonist CPCCOEt (100 μM). E, Slow 1099 

currents were evoked by a pulse (10 psi, 20 ms) of aCSF containing DHPG (100 μM) and 1100 
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blocked by mGlu1 antagonist CPCCOEt (100 μM). * p < 0.05. ** p < 0.01. n.s., not 1101 

significant. 1102 

 1103 

Figure 5. Encocannabinoid-dependent suppression of PC synaptic transmission is 1104 

unchanged by TFR1 deletion. A, Superimposed parallel fiber-EPSCs by 2 successive 1105 

parallel fiber stimulations in the absence (basal) and presence of DHPG in ctrl and cKO 1106 

mice. The bar graph shows percent changes of first EPSC amplitudes relative to basal 1107 

values. The scatterd points show changes in PPD. B, Examples of climbing fiber-EPSCs 1108 

in response to paired stimuli in ctrl and cKO mice. Records obtained before (basal) and 1109 

during the presence of DHPG are superimposed. The bar graph shows percent changes 1110 

of first EPSC amplitudes relative to basal values. Ctrl: 58 ± 8% (n = 10). cKO: 60 ± 5% (n 1111 

= 10). p = 0.34. The right panel shows changes in PPD. Ctrl: 0.57 ± 0.04 (basal) and 0.76 1112 

± 0.07 (DHPG), n = 10. cKO: 0.59 ± 0.05 (basal) and 0.80 ± 0.08 (DHPG), n = 10. p = 0.52. 1113 

n.s., not significant. 1114 

 1115 

Figure 6. GABAergic synaptic transmission onto PCs is not changed by TFR1 deletion. A, 1116 

mIPSCs recorded from ctrl (n = 9) and cKO (n = 9) PCs. Averages of frequency were 7.3 1117 

± 0.3 Hz (ctrl) and 6.7 ± 0.3 Hz (cKO) (p = 0. 26). Averages of amplitude were 85 ± 8 pA 1118 

(ctrl) and 76 ± 10 pA (cKO) (p = 0.18). n.s., not significant. B, Superimposed eIPSCs were 1119 

recorded from a single PC of ctrl and cKO mice in response to stimulations at 15, 25 and 1120 

35 μA. Each trace is derived from averaging IPSCs of 3 successive traces recorded every 1121 

20 s. The right panel shows the relationship between eIPSC amplitude and a series of 1122 
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stimulation intensity for ctrl (n = 12) and cKO (n = 11) mice. C, Immunofluorescence using 1123 

antibodies to gephyrin and vGAT in ctrl and cKO mice (P21). Nuclei were stained with DAPI 1124 

(blue). Both gephyrin and vGAT showed a dotted appearance in the molecular layer and 1125 

were mostly overlapped, suggesting the putative GABAergic synapses. The density of 1126 

double-labelled puncta was 5.4 ± 0.2 / 100 μm2 in TFR1flox/flox mice (n = 6) and 5.2 ± 0.2 / 1127 

100 μm2 in TFR1flox/flox;pCP2-cre mice (n = 6). Scale bars: 50 μm. 1128 

 1129 

Figure 7. mGlu1 trafficking is inhibited in TFR1flox/flox;pCP2-cre mice. A, mGlu1 in total and 1130 

PSD fractions was immunoblotted 30 min or 180 min after DHPG challenge. β-actin was 1131 

the control. B, HEK293 cells were transfected with myc-mGlu1α and GFP-TFR1. mGlu1α 1132 

and TFR1 were visualized by fluorescent antibody and GFP signals, respectively. C, The 1133 

histogram shows the ratios of Triton X-insoluble (I) / -soluble (S) fraction in HEK293 cells. 1134 

TFR1, 35 ± 11% (mGlu1) and 115 ± 23% (mGlu1+TFR1), p = 0.0023. mGlu1, 134 ± 17% 1135 

(mGlu1) and 273 ± 26% (mGlu1+TFR1), p = 0.0073. Rab8, 7 ± 3% (mGlu1) and 31 ± 10% 1136 

(mGlu1+TFR1), p = 0.0047. Rab11, 5 ± 3% (mGlu1) and 15 ± 4% (mGlu1+TFR1), p = 1137 

0.0051. The experiment was repeated for 4 times. D, Precleared brain lysates from WT 1138 

mice were immunoprecipitated with rat anti-TFR1 antibody and immunoprecipitates were 1139 

probed with antibodies to Rab11, Rab8, mGlu1, and TFR1. The experiment was performed 1140 

for three times. Rat IgG was used as the negative control. E, The expression of Rab 1141 

proteins in PSD fraction was decreased in cKO mice. β-actin and PSD-95 were used as 1142 

loading controls of total and PSD fractions, respectively. Percentage changes of Rab 1143 

proteins in PSD fraction from cKO mice were 47 ± 6% (Rab8; p = 0.0075) and 35 ± 5% 1144 
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(Rab11; p = 0.0068). n = 4 pairs (P21). F, A working model shows that TFR1 facilitates the 1145 

trafficking of mGlu1 from the intracellular reserve pool to the membrane by binding to 1146 

Rab11, and decreases the endocytosis of mGlu1 by recruiting Rab8. * p < 0.05. ** p < 0.01. 1147 

n.s., not significant. 1148 

 1149 

Figure 8. LTD is deficient while LTP is normal in TFR1flox/flox;pCP2-cre mice. A, Example 1150 

parallel fiber EPSCs before (baseline) and after (t = 38 min) LTD stimulation in ctrl and cKO 1151 

PCs are shown. B, Time course of percentage changes of EPSC1 amplitudes in ctrl and 1152 

cKO animals. Each data point represented the average of three successive EPSCs evoked 1153 

at 0.05 Hz. The upward arrow shows LTD tetnus. ** p < 0.01. C, Time-course of PPF 1154 

(EPSC2/EPSC1) from the cells shown in B. D, Example EPSCs before (baseline) and after 1155 

(t = 38 min) LTP stimulation are shown. E, Time-course of percentage changes of EPSC 1156 

amplitude in ctrl and cKO mice. Each data point represented the average of three 1157 

successive EPSCs evoked at 0.05 Hz. F, Time-courses of PPF ratios from the subset of 1158 

cells shown in E. G, A schema shows SFV injection into the vermis cerebellum. 18 h after 1159 

injection, eGFP signals were observed in scattered PCs (right panel). The amplification 1160 

shows the affected spines (arrowheads) in distal dendrites. Scale bar: 20 μm. H, 1161 

Representative traces of EPSCs recorded from cKO PCs expressing eGFP or 1162 

eGFP+mGlu1 (mGlu1) before (baseline) and after (t = 38 min) LTD induction. I, The time 1163 

course of percentage changes of EPSC amplitudes in cKO PCs transduced by eGFP or 1164 

mGlu1. J, The time-course of PPF shown in I. 1165 

 1166 
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Figure 9. LTD and STP of mGlu1 are unaltered in TFR1flox/flox;pCP2-cre mice. A, Example 1167 

mGlu1-EPSCs before and after mGlu1-LTD induction in ctrl and cKO cells. Current 1168 

amplitudes were measured at the peak of slow EPSCs. B, The time course of percent 1169 

changes in mGlu1-EPSC amplitudes from ctrl (n = 12) and cKO (n = 12) cells induced by 1170 

5-s depolarization at the time indicated by the arrow. C, Representative mGlu1 traces show 1171 

four different trials before (pre) and 10, 30, 60, and 180 s after a transient depolarization 1172 

from one cell. The panel in the right shows time course of percent changes of mGlu1-1173 

EPSCs in ctrl (n = 10) and cKO (n = 9) cells. 1174 

 1175 

Figure 10. Normal intrinsic plasticity in TFR1flox/flox;pCP2-cre mice. A, Recording 1176 

configuration for whole-cell recording. Inset: an example action potential. B, Action 1177 

potential threshold. C, Action potential amplitude. D, Action potential half-width. E, Action 1178 

potential after-hyperpolarization. F, Example traces of intrinsic PC excitability as apparent 1179 

from action potential firing evoked by 400 pA current injections. G, No difference in evoked 1180 

firing frequency relative to various levels of current injections. Inset barplot shows average 1181 

slope of firing rate per current step. H, Example of traces for intrinsic plasticity with current 1182 

injections of 400 pA. I, LTP induction protocol induced enhanced spike output in both ctrl 1183 

and cKO PCs. n.s., not significant. 1184 

 1185 

Figure 11. Normal spontaneous spike firing in TFR1flox/flox;pCP2-cre mice. A, Example 1186 

spontaneous spikes of PCs recorded from anterior lobules (I–III) in ctrl and cKO mice. B, 1187 

Example spontaneous spikes of PCs recorded from posterior lobules (IX–X) in ctrl and 1188 
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cKO mice. C, 100 Hz parallel fiber tetanization caused increased spontaneous spike firing 1189 

in cell attached recordings in ctrl and cKO PCs. For these recordings, only cells that 1190 

showed regular simple spike firing were used. The arrows indicate the time point of 1191 

tetanization. n.s., not significant. 1192 

 1193 

Figure 12. Impaired motor learning but normal social interactions in TFR1flox/flox;pCP2-cre 1194 

mice. A, Percentage of steps with hindpaw slips during runs on an elevated horizontal 1195 

beam. TFR1flox/flox: 16 ± 2%. TFR1flox/flox;pCP2-cre: 34 ± 6%. n = 10 pairs; p = 0.023. B, 1196 

Time spent on the accelerating rotarod for ctrl and cKO mice. TFR1flox/flox: 229 ± 13 s; 1197 

TFR1flox/flox;pCP2-cre: 184 ± 17 s for session 7 (p = 0.019); TFR1flox/flox: 249 ± 12 s; 1198 

TFR1flox/flox;pCP2-cre: 195 ± 12 s for session 8. n = 10 pairs. p = 0.014. C, The configuration 1199 

of a three-chamber social interaction that was evaluated by relative time spent in each 1200 

chamber. D, Example movement traces of a ctrl mouse and a cKO mouse. E, Summary of 1201 

spent time in S1, centre, and empty chambers of ctrl (n = 12) and cKO (n = 11) mice, 1202 

showing both genotypes preferred to spend time in the room with S1 compared with the 1203 

empty room. E’, Summary of sniffing time onto S1 of ctrl and cKO mice. F, The 1204 

configuration of a three-chamber following the introduction of S2. G, Example movement 1205 

traces of a ctrl mouse and a cKO mouse mice in the three-chamber with S1 and S2. H, 1206 

Summary of spent time in S1, centre, and S2 chambers of ctrl (n = 12) and cKO (n = 11) 1207 

mice, showing both genotypes preferred to spend time in the room with S2 compared with 1208 

S1. H’, Summary of sniffing time onto S2 of ctrl and cKO mice. J, In the open field test, ctrl 1209 

(n = 17) and cKO mice (n = 15) showed no differences in time spent in the inner (ctrl: 8 ± 1210 
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4 %; cKO: 5 ± 1 %), middle (ctrl: 20 ± 4 %; cKO: 25 ± 3 %), or outer zones (ctrl: 72 ± %; 1211 

cKO: 70 ± 5 %). * p < 0.05. ** p < 0.01. n.s., not significant. 1212 


























