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Ablation of TFR1 in Purkinje Cells Inhibits mGlu1
Trafficking and Impairs Motor Coordination, But Not
Autistic-Like Behaviors
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Group 1 metabotropic glutamate receptors (mGlu1/5s) are critical to synapse formation and participate in synaptic LTP and LTD in the
brain. mGlu1/5 signaling alterations have been documented in cognitive impairment, neurodegenerative disorders, and psychiatric
diseases, but underlying mechanisms for its modulation are not clear. Here, we report that transferrin receptor 1 (TFR1), a transmembrane protein of the clathrin complex, modulates the trafficking of mGlu1 in cerebellar Purkinje cells (PCs) from male mice. We show that
conditional knock-out of TFR1 in PCs does not affect the cytoarchitecture of PCs, but reduces mGlu1 expression at synapses. This regulation by
TFR1actsinconcertwiththatbyRab8andRab11,whichmodulatetheinternalizationandrecyclingofmGlu1,respectively.TFR1canbindtoRab
proteins and facilitate their expression at synapses. PC ablation of TFR1 inhibits parallel fiber–PC LTD, whereas parallel fiber–LTP and PC
intrinsic excitability are not affected. Finally, we demonstrate that PC ablation of TFR1 impairs motor coordination, but does not affect social
behaviors in mice. Together, these findings underscore the importance of TFR1 in regulating mGlu1 trafficking and suggest that mGlu1- and
mGlu1-dependent parallel fiber–LTD are associated with regulation of motor coordination, but not autistic behaviors.
Key words: autism; metabotropic glutamate receptor; motor coordination; purkinje cell; trafficking; transferrin receptor

Significance Statement
Group 1 metabotropic glutamate receptor (mGlu1/5) signaling alterations have been documented in cognitive impairment, neurodegenerative disorders, and psychiatric diseases. Recent work suggests that altered mGlu1 signaling in Purkinje cells (PCs) may
be involved in not only motor learning, but also autistic-like behaviors. We find that conditional knock-out of transferrin receptor
1 (TFR1) in PCs reduces synaptic mGlu1 by tethering Rab8 and Rab11 in the cytosol. PC ablation of TFR1 inhibits parallel fiber–PC
LTD, whereas parallel fiber–PC LTP and PC intrinsic excitability are intact. Motor coordination is impaired, but social behaviors
are normal in TFR1 flox/flox;pCP2-cre mice. Our data reveal a new regulator for trafficking and synaptic expression of mGlu1 and
suggest that mGlu1-dependent LTD is associated with motor coordination, but not autistic-like behaviors.

Metabotropic glutamate receptors are G-protein-coupled receptors enriched at excitatory synapses in the CNS. Group 1 mGlu
receptors (mGlu1/5) activate phospholipase C and protein kinase

C (PKC) (Niswender and Conn, 2010) and modulate signal-tonucleus communication (Hermans and Challiss, 2001). mGlu1/5
are critical for synapse formation during development (Ichise et
al., 2000; Hannan et al., 2001) and participate in LTP and LTD in
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the hippocampus and the cerebellum, two structures critical for
declarative and procedural memory formation, respectively (Aiba et
al., 1994a, 1994b; Huber et al., 2000; Ichise et al., 2000; Brasnjo and
Otis, 2001). Therefore, mGlu1/5 is implicated in forms of conditioning behaviors such as associative learning (Aiba et al., 1994a)
and cocaine addiction (Kenny and Markou, 2004; Bellone and
Lüscher, 2006; Mameli et al., 2009).
Alterations in mGlu1/5 signaling have been documented for
cognitive impairment, neurodegenerative disorders, and psychiatric diseases such as fragile X syndrome, autism, Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, and epilepsy
(Ribeiro et al., 2010; for reviews, see Lüscher and Huber, 2010;
D’Antoni et al., 2014). Accordingly, mGlu1/5 may form an attractive target to tackle with allosteric modulators or agonists/
antagonists for treating several CNS disorders (Gregory and
Conn, 2015). However, developing therapeutic strategies using
mGlu1/5-related agents remains challenging. For example, applying antagonists of mGlu1/5 does not appear very efficient in
treating convulsions or cognitive impairments (Löscher et al.,
2006). This lack of effect may be partly ascribed to the complexity
of mGlu1/5 signaling, which involves a variety of downstream
cascades that remain unknown for most neurological pathologies. In particular, the mechanisms controlling the trafficking of
mGlu1/5 are less understood.
In the cerebellum, mGlu1 is highly expressed in Purkinje cells
(PCs) (Shigemoto et al., 1992). Inhibition or lack of mGlu1 signaling leads to PC dysfunction and motor coordination deficits
(Ichise et al., 2000; Coesmans et al., 2003). Interestingly, global
knock-out of Nlgn3, which is implicated in autism, causes an
increased expression of mGlu1 and an inhibition of parallel
fiber–LTD in the cerebellum, whereas the development of the
molecular layer is affected (Baudouin et al., 2012). Therefore, a
follow-up question is to what extent the alteration of mGlu1
signaling in PCs results concomitantly in specific cellular physiological abnormalities, autistic-like behaviors, and developmental morphological aberrations.
Transferrin receptor 1 (TFR1) is a transmembrane glycoprotein involved in processing of clathrin-coated vesicles. It has been
found that TFR1 is present in neuronal dendrites and colocalizes
with presynaptic/postsynaptic proteins (West et al., 1997; Liu et
al., 2016). TFR1 is expressed abundantly in the cerebellar cortex
and deep cerebellar nuclei (Moos, 1996), but its function in the
cerebellum is unknown. In the present study, we created a mutant
mouse line in which TFR1 is deleted specifically in PCs. Deletion
of TFR1 reduces synaptic expression of mGlu1 in PCs, presumably by affecting the trafficking of mGlu1 mediated by Rab
proteins. Furthermore, TFR1 turns out to be critical for the expression of parallel fiber–LTD and proper motor coordination,
but not for the development of a normal cerebellar cytoarchitecture or functional social interactions. These data highlight the
complexity of mGlu1 signaling and its diverse roles in cerebellar
cellular and system physiology and, conversely, cerebellar devel-
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opment, which appear to have differential implications for cerebellar pathology when they deteriorate.

Materials and Methods
Generation of TFR1 flox/flox mice and animal maintenance. TFR1 flox/flox
mice were generated in the Model Animal Research Center of Nanjing
University (Nanjing, China), as illustrated in Figure 1. BAC clones containing targeted gene were purchased from Invitrogen (BAC Clone
#BMQ-235I21). The mouse TFR1 gene is composed of 19 exons. Targeted gene including homologous arms was retrieved from the BAC
vector. The first LoxP was introduced into intron 2 and the second loxP
along with a FRT-flanked PGK/neo cassette was introduced into intron 3
by homologous recombination in E. coli. The targeting vector was linearized by digesting with I-CeuI and electroporated into W4 embryonic
stem (ES) cells. The recombinants were selected for their G418 and DTA
resistance. The PGK/EM7-NeoR cassette served as positive selection
marker and DTA was a negative selection marker at the ES targeting step.
Targeted ES clones were screened by PCR and Southern blot. The positive ES cell clones were chosen for microinjection to obtain chimeras.
Germline-transmitting chimeras were generated from ES lines carrying
targeted TFR1 allele by the microinjection of blastocysts isolated from
albino C57B6/J-Tyrc-Brd females. Chimeras were crossed to C57BL/6J to
obtain TFR1 fln/⫹ mice, which were backcrossed to C57BL/6J for ⬎10
generations and then bred with Flper mice, which were on the C57BL/6
background, to remove the neomycin (neo) cassette so as to obtain
TFR1 flox/⫹ mice. Conditioned knock-out mice (TFR1 flox/flox;pCP2-cre)
were obtained by crossing TFR1 flox/flox mice with pCP2-cre mice (Barski
et al., 2000) and were bred with a C57BL/6 background because the
genetic background for both Flper and pCP2-Cre mice was C57BL/6. The
resulting offspring were genotyped using PCR of genomic DNA. Mice
were kept under temperature-controlled conditions on a 12:12 h light/
dark cycle with food and water ad libitum. All experiments were approved by the Animal Experimentation Ethics Committee of Zhejiang
University and were done in male mice at the age of postnatal day 2 (P2)
to P50 depending on experimental requirements.
Antibodies and reagents. Antibody against mGlu1 was purchased from
BD Biosciences. Antibody to TFR1 was purchased from Novus Biologicals [coimmunoprecipitation (co-IP) and immunohistochemistry] and
Life Technologies (Western blot). Antibodies to PSD95 and GAPDH
were from Millipore. Anti-GluA2 antibody was a gift from Dr. Richard
Huganir (Johns Hopkins University, Baltimore, MD). Anti-vesicular
glutamate tranporter 1 (vGluT1) was a gift from Dr. Masahiko Watanabe
(Hokkaido University, Sapporo, Japan). Antibodies against both Rab11
and Rab8 were from Cell Signaling Technology. Antibody to excitatory
amino acid transporter 4 (EAAT4) was from Alpha Diagnostics. Antibodies
to ␤-actin and rat IgG were from Santa Cruz Biotechnology. Antibodies to
gephyrin and vesicular GABA transporter (vGAT) were from Synaptic Systems. Horseradish peroxidase-conjugated secondary antibodies for immunoblotting were from GE Healthcare. Nissl was from Beyotime. DMEM,
DAPI, and Alexa Fluor-conjugated secondary antibodies were from Invitrogen. Protease inhibitor mixture was from Merck Chemicals. Other chemicals were from Sigma-Aldrich unless stated otherwise.
RT-PCR. For single-cell analysis, the contents of individual PCs (P7–
P21) were harvested as described in our previous work (Wu et al., 2012;
Zhou et al., 2015). In brief, the tip of a conventional patch-clamp pipette
was placed tightly on the soma of a selected PC. Gentle suction was
applied to the pipette. After complete incorporation of the soma, the
negative pressure was released and the pipette was quickly removed from
the bath. The harvested contents were subjected to RT-PCR using the
OneStep Kit (Qiagen). Forward (F) and reverse (R) primers used for
amplification were as follows: TFR1, F: 5⬘-GCC AGA TCA GCA TTC
TCT AAC T-3⬘; R: 5⬘-CAC TAG CCT TCA TGT TAT TGT C-3⬘; calbindin,
F: 5⬘-GGC TTC ATT TCG ACG CTG AC-3⬘; R: 5⬘-ACG TGA GCC AAC
TCT ACA ATT C-3⬘; GAPDH, F: 5⬘-GGT GAA GGT CGG TGT GAA
CG-3⬘; R: 5⬘-CTC GCT CCT GGA AGA TGG TG-3⬘.
HEK293 cell cultures. HEK293 cells were cultured in DMEM and supplemented with 10% FBS (Invitrogen), 1 mM sodium pyruvate, 100 U/ml
penicillin, and 10 g/ml streptomycin in an incubator (95% O2/5% CO2,
37°C). At 70 – 80% confluency, cells were transfected in OPTI-MEM
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Figure 1. Gene targeting strategy for the generation of TFR1 flox/flox mice. A LoxP was inserted into intron 2. Another loxP along with a FRT-flanked PGK/Neo cassette was inserted into intron 3.
5⬘ and 3⬘ probes used for Southern blot analysis of genomic DNA appear in black bars. The loxP and FRT elements are shown as filled and open triangles, respectively.

(Invitrogen) with plasmids using lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. At 36 h after transfection
with myc-mGlu1 alone or with myc-mGlu1 ⫹ GFP-TFR1, transfected
cells were collected and extracted proteins were centrifuged at 10,000 ⫻ g
at 4°C for 30 min to collect supernatant and pellet fractions, which were
kept as Triton X-100-soluble and -insoluble fractions, respectively.
Synaptosome preparation and immunocytochemistry. The purification
of synaptosomes from TFR1 flox/flox mouse cerebellum (P21) was modified from Ferrero et al. (2013). The cerebellar homogenate (P21) was
centrifuged at 2000 ⫻ g (4°C for 2 min) and the supernatant was centrifuged again at 9500 ⫻ g for 12 min. The loosely compacted white layer
containing the majority of synaptosomes was gently resuspended in 0.32
M sucrose, pH 7.4, and an aliquot of synaptosomal suspension (2 ml) was
placed onto a 3 ml Percoll gradient, pH 7.4. After centrifugation at
25,000 ⫻ g (4°C for 10 min), synaptosomes were recovered from between
10% and 23% Percoll bands and then diluted in a final volume of 30 ml of
HEPES-buffered medium (HBM; pH 7.4) containing the following
(in mM): 140 NaCl, 5 KCl, 5 NaHCO3, 1.2 NaH2PO4, 1 MgCl2, 10 glucose,
and 10 HEPES. After another centrifugation at 22,000 ⫻ g (10 min), the
synaptosome pellet was resuspended in HBM (6 ml). Finally, synaptosomal
suspension (0.75 mg) was diluted in HBM (2 ml) and centrifuged at
10,000 ⫻ g for 10 min. The pellets containing synaptosomes were stored on
ice and remained viable for 4 – 6 h. For immunocytochemistry, synaptosomes (1.0 mg/ml) were added to a medium containing 0.32 M sucrose, pH
7.4, at 37°C, allowed to attach to polylysine-coated coverslips for 1 h, and
fixed for 4 min in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4, at room temperature (RT). After several washes with PB, pH 7.4, synaptosomes were preincubated for 1 h in 10% normal goat serum diluted in 50
mM Tris buffer, pH 7.4, containing 0.2% Triton X-100. Subsequently, they
were incubated for 24 h with primary antiserum for EAAT4 (1:1000), TFR1
(1:150), and vGluT1 (1:200). After washing in TBS, synaptosomes were incubated with secondary antibodies for 2 h. Coverslips were mounted with
Prolong Antifade Kit (Invitrogen) and synaptosomes were viewed using a
confocal microscope (Nikon A1R) with a 100⫻ objective.

Immunohistochemistry. Sagittal sections (20 m) from mice at P2–P21
were prepared and placed in blocking solution for 1 h at RT. After washing with PBS, sections were incubated with primary antibodies overnight
at 4°C and incubated with secondary antibodies for 1 h at RT. Primary
antibody dilutions used for immunohistochemistry were EAAT4 (1:
200), vGAT (1:500), gephyrin (1:500), TFR1 (1:150), calbindin (1:1000),
and secondary antibodies (1:1000). All antibodies were diluted in PBS
containing 1% BSA and 1% normal goat serum.
Morphometric analysis. Sagittal cerebellar slices (10 m) were immuonostained with antibodies against calbindin and EAAT4. For dendritic
branching analysis, images of PCs (P21) were captured by a confocal
microscope (FV1000; Olympus) and dendritic tracing was performed
using MetaMorph software (Olympus). Spine analysis was based on previous studies (Lee et al., 2004; Zhou et al., 2015). In brief, images of distal
dendrites of PCs were captured by a SIM super resolution confocal microscope (N-SIM; Nikon). Spine density was evaluated as the relative
spine number over a 10 m dendritic fragment. The measurements of
the area and lengths of the dendrites were performed in the bank area of
lobule V. Initially, the dendritic area and length of single PCs were acquired and then pooled for the averages. Imaging data analysts were
blinded to experimental conditions during the measurements.
Postsynaptic density fraction isolation. Cerebellar tissues (P21) were
homogenized in SHEEP buffer containing the following (in mM): 380
sucrose, 4 HEPES, pH 7.5, 0.1 EDTA, and 0.1 EGTA supplemented with
protease inhibitors (Merck) and centrifuged at 800 ⫻ g (4°C for 15 min).
The supernatant was centrifugated at 9200 ⫻ g (4°C for 15 min). The pellet
was the crude synaptosomal fraction (P2). The P2 fraction was resuspended
in buffer D (20 mM Tris-HCl-pH 8.0, 1 mM EDTA, 100 mM NaCl, and 1%
Triton X-100) and was centrifuged at 100,000 ⫻ g for 1 h to produce a
supernatant and a pellet. The pellet represented the PSD fraction.
Co-IP. Co-IP experiments were performed according to previous work
(Wang et al., 2015). Mouse cortices were lysed in RIPA buffer plus the
protease inhibitor. The protein concentration was measured using the
BCA assay after the centrifugation at 16,000 ⫻ g at 4°C for 10 min.
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Decimus supernatant was used for input and the remainder was for IP.
Precleared solubilized preparations were incubated with rat anti-TFR1
antibody, which was precoupled to protein A-Sepharose beads (GE
Healthcare) at 2– 4 g of antibody/1 ml of beads for 2 h in 50 mM TrisHCl. Proteins on the beads were extracted with 2⫻ SDS sample buffer
and boiled for 5 min before Western blot analysis.
Western blot. Cerebellar tissues or cultures were rinsed with PBS and
diluted in 1% SDS containing protease inhibitors. After determining
protein concentration with BCA protein assay (Bio-Rad), equal quantities of proteins were loaded and fractionated by SDS-PAGE and transferred to PVDF membrane (Immobilon P; Millipore), immunoblotted
with antibodies, and visualized by enhanced chemiluminescence (Pierce
Biotechnology). Primary antibody dilutions used were as follows: mGlu1
(1:5000), TFR1 (1:1000), GluA2 (1:2000), PSD95 (1:10,000), calbindin
(1:10,000), Rab11 (1:1000), Rab 8 (1:1000), GAPDH (1:10,000), and
secondary antibodies (1:10,000). Film signals were digitally scanned and
quantitated using ImageJ version 1.42q.
Recombinant virus and in vivo injection. To express mGlu1 WT in PCs,
recombinant Semliki Forest virus (SFV) was constructed in combination
with enhanced GFP (eGFP) as described previously (Jia et al., 2017).
Under deep anesthesia with an intraperitoneal injection of 4% chloral
hydrate (10 l/g), a viral solution (300 nl) containing recombinant SFV
(2.3E6 FFU/ml) was injected into lobules V–VI of the cerebellar vermis of
TFR1 flox/flox;pCP2-cre mice (P21) at a rate of 30 nl/min using a glass
pipette (30 m in diameter) and a microinjector (World Precision Instruments). Eighteen hours later, the injected animals were decapitated
and eGFP signals were observed in sporadic PCs in affected lobules.
Slice preparation. Sagittal slices of cerebellar vermis (250 m) were
prepared from anesthetic mice (P21) using a vibrating tissue slicer
(VT1000S; Leica) and ice-cold standard artificial CSF (aCSF) containing
the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgCl2, 2
CaCl2, 26 NaHCO3, and 25 D-glucose bubbled with 95% O2/5% CO2.
After recovery for 30 min at 37°C, slices were placed in a submerged
chamber that was perfused at 2 ml/min with aCSF. Patch-clamp electrodes (3–5 M⍀) were filled with an intracellular solution composed of
one of the following (in mM): (1) 135 Cs-methanesulfonate, 10 CsCl, 10
HEPES, 0.2 EGTA, 4 Na2ATP, and 0.4 Na3GTP, pH 7.3, osmolality 90,
for voltage-clamp recordings; (2) 134 K-gluconate, 6 KCl, 4 NaCl, 10
HEPES, 0.2 EGTA, 4 Na2ATP, 0.3 Na3GTP, and 14 Na2 phosphocreatine,
pH 7.3, osmolality 290, for current-clamp recordings; or (3) 150 Csmethanesulfonate, 5 KCl, 0.1 EGTA, 5 HEPES, 3 MgATP, and 0.4
Na3GTP, pH 7.3, osmolality 290, for IPSC recording (Ikeda et al., 2013;
Peter et al., 2016).
Whole-cell recording. Purkinje cells were visualized under an upright
microscope (BX51; Olympus) with a 40⫻ water-immersion objective
and equipped with infrared differential interference contrast enhancement. Whole-cell recordings were obtained with an Axon MultiClamp
700B amplifier (Molecular Devices). Currents were digitized at 10 kHz
and filtered at 3 kHz. To obtain parallel fiber–EPSCs, standard patch
pipettes were filled with aCSF and placed in the middle third of the
molecular layer. mGlu1-EPSCs were induced by burst parallel fiber stimulations (10 stimuli at 100 Hz) delivered in the presence of NBQX (5 M).
Gabazine (10 M) was supplemented into aCSF when EPSCs and mGlu1EPSCs were recorded. To record evoked IPSCs (eIPSCs), stimulation
electrodes were placed in the inner fourth of the molecular layer to activate axons of interneurons while PCs were held at 0 mV in the presence of
NBQX (5 M) (Ikeda et al., 2013). For climbing fiber stimulation, constant current steps (20 –200 mA/100 ms) were applied to a patch pipette
that was positioned in the granule cell layer close to the vicinity of recorded neuron. The recording was performed at a holding potential of
⫺10 mV while stimulus intensity and electrode position were adjusted so
that an all-or-none response was elicited (Su and Shen, 2009; Baudouin
et al., 2012). Synaptic responses were evoked every 20 s (0.05 Hz) using
⬃10 A pulses (100 s). Recordings were excluded from analysis if the
series or input resistance varied by ⬎15% over the course of an experiment. In voltage-clamp mode, holding potential at ⫺70 mV was chosen
to prevent spontaneous spike activity that might escape clamp.
LTP, LTD, and intrinsic plasticity protocols were recorded from lobules V–VI or IX–X neurons. The lobules were identified by their locations
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with a 10⫻ objective and then zoomed in with a 40⫻ objective for recording. LTD of parallel fiber–EPSCs was induced by a conjunction of
five parallel fiber pulses at 100 Hz and a 100-ms-long depolarization of
PC to 0 mV repeated 30 times with an interval of 2 s (Sun et al., 2011;
Zhou et al., 2015). LTP of parallel fiber–EPSCs was obtained when parallel fibers were stimulated at 1 Hz for 5 min in current-clamp mode
(Wang et al., 2014a). Intrinsic plasticity was induced using LTP tetanus
without bias currents when action potentials (APs) were evoked by 400
pA current injections (500 ms) at 0.05 (Peter et al., 2016). Miniature
EPSCs (mEPSCs) and miniature IPSCs (mIPSCs) were recorded in
whole-cell configuration in the presence of 0.5 M tetrodotoxin (TTX)
plus gabazine (10 M) or NBQX (5 M), respectively (Sun et al., 2011;
Peter et al., 2016). The offline analysis of mEPSCs and mIPSCs was conducted using a sliding template algorithm (ClampFit 10; Molecular Devices) (Sun et al., 2011). The criteria for inclusion were the amplitude
larger than 6 pA and a rise time (10 –90%) longer than 1 ms. Overlapping
events were rejected.
Cell-attached recordings. Cell-attached recordings were made in lobule
I–III or IX–X neurons. The recording pipette contained the following (in
mM): 125 NaCl, 10 HEPES, 3 KCl, and 2 CaCl2. Recordings were performed in voltage-clamp mode (0 injections) using a MultiClamp 700B
amplifier. Membrane voltage/current was filtered at 3 kHz and digitized
at 8 kHz. Gabazine (20 M), NBQX (10 M), and D-AP5 (50 M) were
added to perfusing aCSF to inhibit GABAA and ionotropic glutamate
receptor currents. To induce the plasticity of spontaneous spikes, burst
stimuli (15 pulses at 100 Hz, repeated at 1 Hz for 5 min) were delivered to
parallel fibers (Belmeguenai et al., 2010).
AP parameters. In the majority of recordings, a hyperpolarizing bias
current was applied to prevent spontaneous spike activity. Cells were
discarded when the bias current was ⬎400 pA. The membrane voltage of
clamped cells was ⬃⫺70 mV. A series of current steps (500 ms) was
delivered to PCs with an interval of 10 s. The upstroke of APs was measured from the threshold to the peak. The AP amplitude from the peak to
the afterhyperpolarization (AHP) and AP widths were measured at half
amplitude. The AHP size was measured from AP threshold to the negative peak of the AHP. The voltage threshold was measured in the first
derivative of AP (dV/dt) considering the point where the velocity was
close to 50 mV/ms.
mGlu1 trafficking assay. This assay was consistent with previous work
(Hong et al., 2009; Pandey et al., 2014; Zhou et al., 2015). In brief, acute
cerebellar slices (250 m) were incubated in aCSF containing 3,5dihydroxyphenylglycine (DHPG; 100 M) for 10 min at RT. Subsequently, slices were chased at two time points (30 min or 180 min) in
plain aCSF without DHPG at RT. Then, slices for different conditions
were homogenized to determine protein concentrations in the total and
PSD fractions.
Motor coordination test. The elevated beam balancing and rotarod tests
were conducted as described previously (Hartmann et al., 2014; Zhou et
al., 2015). After habituation to the rotarod, target mice (P45–P50) were
tested twice a day at a time interval of ⬃8 h for 4 consecutive days. In each
session, the velocity of the rotation increased with a constant acceleration
of 9 rpm/min starting from 5 rpm. Behavioral experimenters were
blinded to the mouse genotype until the data were integrated.
Open-field test. Mice (P45–P50) were placed in a novel, brightly lit
rectangular (46 cm ⫻ 33 cm ⫻ 28 cm, length ⫻ width ⫻ height) Plexiglas
chamber for 15 min. The activity of mice was recorded and analyzed by
an infrared tracking software (ViewPoint Life Sciences). During analysis,
the arena was subdivided into three concentric zones: the inner (23 cm ⫻
16.5 cm, length ⫻ width), middle (35 cm ⫻ 25 cm, length ⫻ width), and
outer zones. The percentage of time in each zone was calculated.
Three-chamber test. The three-chamber social test was conducted in
mice of (P45–P50) as described previously (Neul et al., 2010; Peter et al.,
2016; Zhang et al., 2016). The apparatus consisted of a rectangular Plexiglas box (60 cm ⫻ 35 cm ⫻ 10 cm, length ⫻ width ⫻ height) evenly
divided into three chambers. Age- and gender-matched WT target subjects (strangers 1 and 2) were habituated for 5 consecutive days before the
test by being placed inside metal-wired cages. On the test day, test mice
were placed in the central chamber for a 10 min habituation. Stranger 1
was introduced into a wire cage in one chamber and the empty chamber

Zhou, Wang et al. • TFR1 Regulates mGlu1 and Motor Learning

J. Neurosci., November 22, 2017 • 37(47):11335–11352 • 11339

Figure 2. TFR1 is expressed at parallel fiber–PC synapses. A, Immunohistochemical staining for calbindin (calb, red) and TFR1 (green) in PCs from P2, P7, and P14 control mice. Scale bars, 20 m.
B, Electrophoresis of TFR1, calbindin, and GAPDH amplicons in individual PCs from control mice at P7 (n ⫽ 5) and P14 (n ⫽ 6). C, Synaptosomes were stained with antibodies against vGluT1 and TFR1
(white arrows). Scale bar, 5 m. D, Synaptosomes were stained with antibodies against EAAT4 and TFR1 (white arrows). Scale bar, 5 m.

served as an inanimate object with no social valence. The dividers were
then raised to allow test mice to explore all three chambers freely over a 5
min session. The time spent in each chamber was recorded and the ratio
of (S1 ⫺ E) to (S1 ⫹ E) was calculated as the preference index (S1 ⫺ E).
Subsequently, Stranger 2 was introduced to the other chamber. Again,
test mice spent another 10 min exploring the entire apparatus. The total
time spent in each chamber was recorded and the ratio of (S2 ⫺ S1) to
(S2 ⫹ S1) was measured as the preference index (S2 ⫺ S1).
Statistics. Data analyses were performed using Excel 2003 (Microsoft),
Clampfit 10, and Igor Pro 6.0 (Wavemetrics) software. Statistical differences were determined using the unpaired two-sided Student’s t test for
two group comparisons or a one-way ANOVA test followed by Tukey’s
post hoc test for multiple comparisons. The accepted level of significance
was p ⬍ 0.05. Error bars in the text and figures are presented as mean ⫾
SEM. n represents the number of cells, cultures, or animals tested.

Results
TFR1 deficiency in PCs does not affect cytoarchitecture in
the cerebellum
We first observed the expression of TFR1 in PCs in the developing cerebellum. Imunostaining showed that TFR1 was increasingly expressed in mouse PCs at young ages (P2, P7, and P14; Fig.
2A), which was confirmed by TFR1 bands after RT-PCR of
mRNA extracted from PCs at P7 and P14 (Fig. 2B). We next
examined the presence of TFR1 at parallel fiber–PC synapses
using a synaptosome assay from TFR1 flox/flox mice (P21). Our
results demonstrated that the signal of vGluT1, a putative marker
of parallel fiber terminal, overlapped with TFR1 (Fig. 2C). EAAT4,
which is recognized as the marker of PC spines (Dehnes et al.,
1998), also colocalized with TFR1 (Fig. 2D). These data indicate
that TFR1 is expressed at both presynaptic and postsynaptic sites
of parallel fiber–PC synapses.

To assess the roles of TFR1 in PCs, we generated conditional
knock-out mice (TFR1 flox/flox;pCP2-cre) that ablates TFR1 specifically in PCs. The efficiency of deletion was confirmed by lack of
TFR1 mRNA (Fig. 3A) and TFR1 immunostaining in TFR1 flox/flox;
pCP2-cre PCs (Fig. 3B). The body weight and size of the cerebellum of TFR1 flox/flox;pCP2-cre mice appeared normal at P21
(Fig. 3C). In terms of cerebellar cyto-architecture, PC-specific
TFR1 deletion did not interfere with the formation or thickness of lobules (Fig. 3D). The average lobule V–VI thickness
was 715 ⫾ 55 m in TFR1 flox/flox mice (n ⫽ 7) and 747 ⫾ 67 m
in TFR1 flox/flox;pCP2-cre mice (n ⫽ 7; p ⫽ 0.35). In addition,
dendritic branching and spine density of PCs were kept intact in
TFR1 flox/flox;pCP2-cre mice (Fig. 3E), as shown by the immunostaining for calbindin and EAAT4. Average dendritic tree area
was 5.3 ⫾ 0.3 ⫻ 10 3 m 2 (TFR1 flox/flox; n ⫽ 14) and 5.2 ⫾ 0.2 ⫻
10 3 m 2 (TFR1 flox/flox;pCP2-cre; n ⫽ 14; p ⫽ 0.54). Total dendritic length was 664 ⫾ 96 m (TFR1 flox/flox; n ⫽ 14) or 679 ⫾
101 m (TFR1 flox/flox;pCP2-cre; n ⫽ 14; p ⫽ 0.28). The number
of spines over 10 m dendritic fragment was 19 ⫾ 1.5 (TFR1 flox/flox;
n ⫽ 12) or 19 ⫾ 1.3 (TFR1 flox/flox;pCP2-cre; n ⫽ 12; p ⫽ 0.72).
Unlike the result from TFR1 flox/flox;nestin-cre mice (Liu et al.,
2016), the present findings indicate that PC deletion of TFR1
does not affect the morphology of neuronal dendrites.
mGlu1 expression is reduced at PC synapses in TFR1 flox/flox;
pCP2-cre mice
Synaptic expression of ionotropic glutamate receptor subunits is
downregulated in hippocampal CA1 neurons of TFR1 flox/flox;
nestin-cre mice (Liu et al., 2016). We therefore examined the
expression of the AMPAR subunit GluA2 in the cerebellum in
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Figure 3. PC morphogenesis is normal in TFR1 flox/flox;pCP2-cre mice. A, Electrophoresis of TFR1 (154 bp), calbindin (184 bp), and GAPDH (220 bp) amplicons from individual TFR1 flox/flox (control,
n ⫽ 10) and TFR1 flox/flox;pCP2-cre (cKO, n ⫽ 10) PCs. B, Immunohistochemical staining for calbindin (red) and TFR1 (green) in the cerebellum from control and cKO mice. Arrowheads show TFR1
signal was absent in PCs of cKO mice. ML, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer. Scale bars, 20 m. C, cKO mice (P21) displayed normal body weight and brain size. Average
body weights were 17.3 ⫾ 1.7 g (control) and 16.5 ⫾ 1.5 g (cKO; n ⫽ 14 pairs; p ⫽ 0.38). n.s., Not significant. D, Nissl staining in the cerebellum from control and cKO mice (P21). Scale bars, 100
m. E, Immunostaining for calbindin (calb, red) and EAAT4 (green) showing that dendrites and spine formation were normal in cKO mice. Scale bars, 10 m.

relation to TFR1 and calbindin. TFR1 expression was significantly reduced in both total and PSD fractions of TFR1 flox/flox;
pCP2-cre mice compared with TFR1 flox/flox mice (P21; Fig. 4A).
The remaining TFR1 in the molecular layer was probably from
granule cells, which also expressed TFR1 (Fig. 3B). The amount
of calbindin in TFR1 flox/flox;pCP2-cre mice was similar to that in
TFR1 flox/flox mice ( p ⫽ 0.69; Fig. 4A), again indicating that PC
development is normal in TFR1 flox/flox;pCP2-cre mice. GluA2
expression at synapses was unaltered in TFR1 flox/flox;pCP2-cre
mice ( p ⫽ 0.37; Fig. 4A). Likewise, the frequency and amplitude
of AMPA mEPSCs were unchanged (frequency: p ⫽ 0.56; amplitude: p ⫽ 0.67; Fig. 4B). Consistent with these observations,
evoked climbing fiber transmissions were unaltered in TFR1 flox/flox;
pCP2-cre mice ( p ⫽ 0.25; Fig. 4C). Climbing fiber–EPSCs were
elicited in an all-or-none fashion in the vast majority of PCs in
both TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice (Fig. 4C), suggesting that the elimination of multiple climbing fiber innervation develops normally.
Interestingly, we found that synaptic mGlu1 was reduced significantly in TFR1 flox/flox;pCP2-cre mice (40 ⫾ 7% of TFR1 flox/flox),
whereas its total expression was not affected (90 ⫾ 6% of
TFR1 flox/flox; Fig. 4A). Because mGlu1 is normally highly expressed in PCs (Ichise et al., 2000), this result suggests that PC
ablation of TFR1 may reduce mGlu1 expression at PC synapses.
Therefore, we recorded mGlu1 currents in PCs using ex vivo
whole-cell recordings. After burst stimulation (100 Hz) of parallel fibers under a holding voltage of ⫺70 mV in aCSF in the
presence of 5 M NBQX, PCs displayed AMPAR-mediated
EPSCs and a slow mGlu1-EPSC (Fig. 4D; Kim et al., 2008; Zhou et
al., 2015). We found that the peak amplitude of mGlu1-EPSC was
significantly reduced in TFR1 flox/flox;pCP2-cre mice (115 ⫾ 14

pA; n ⫽ 21) compared with the current recorded in TFR1 flox/flox
mice (257 ⫾ 21 pA; n ⫽ 20; p ⫽ 0.0071; Fig. 4D). Furthermore,
mGlu1 currents were evoked in PCs by locally applying a brief
pulse of aCSF containing its agonist, DHPG (100 M) (Kim et al.,
2008; Zhou et al., 2015). Similar to the results obtained with
electric stimulation, DHPG-induced currents were markedly reduced in TFR1 flox/flox;pCP2-cre mice (127 ⫾ 25 pA; n ⫽ 15)
compared with the current recorded in TFR1 flox/flox mice (315 ⫾
43 pA; n ⫽ 15; p ⫽ 0.0083; Fig. 4E). Together, these results indicate that PC ablation of TFR1 affects mainly the expression and
function of mGlu1 at PC synapses.
mGlu1 activation triggers an endocannabinoid production in
PCs (Maejima et al., 2001; Varma et al., 2001), which suppresses
synaptic transmission (Maejima et al., 2001; Crepel and Daniel,
2007). Therefore, we investigated whether endocannabinoidmediated suppression of synaptic transmission is affected by
TFR1 ablation. In TFR1 flox/flox mice (P8 –P12), applying DHPG
(100 M) to the bath for 5 min induced a significant decrease in
the mean amplitude of parallel fiber–EPSCs to 48 ⫾ 6% (n ⫽ 10)
of basal ( p ⫽ 0.0045; Fig. 5A), which was accompanied by an
increase in paired-pulse facilitation (PPF) from 1.69 ⫾ 0.05 to
2.25 ⫾ 0.07 at the peak of DHPG effect (n ⫽ 10; p ⫽ 0.0079; Fig.
5A). Similar results were obtained in TFR1 flox/flox;pCP2-cre mice
(P8 –P12), in which DHPG also induced a decrease (49 ⫾ 4%;
n ⫽ 10; p ⫽ 0.0037) compared with basal in the amplitude and an
increase from 1.68 ⫾ 0.06 to 2.17 ⫾ 0.07 (n ⫽ 10; p ⫽ 0.0037) in
PPF (Fig. 5A). Furthermore, the application of DHPG (100 M)
caused a depression of climbing fiber–EPSCs and an increase in
PPD in both TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice (P8 –
P12; Fig. 5B). These results suggest that encocannabinoid-depen-
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Figure 4. Synaptic mGlu1 is reduced in TFR1 flox/flox;pCP2-cre mice. A, Cerebellar (total) and PSD fractions from control and cKO mice were probed with antibodies to TFR1, calbindin (calb), GluA2,
and mGlu1. GAPDH and PSD95 were internal controls for total and PSD, respectively. Histograms show percentage changes of proteins in cKO mice relative to control (n ⫽ 4 pairs). TFR1: 73 ⫾ 7%
(total; p ⫽ 0.014) and 44 ⫾ 6% (PSD; p ⫽ 0.0067). calb: 101 ⫾ 6% (total; p ⫽ 0.69) and 99 ⫾ 7% (PSD; p ⫽ 0.45). GluA2: 96 ⫾ 5% (total; p ⫽ 0.44) (Figure legend continues.)
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Figure 5. Encocannabinoid-dependent suppression of PC synaptic transmission is unchanged by TFR1 deletion. A, Superimposed parallel fiber–EPSCs by two successive parallel fiber stimulations
in the absence (basal) and presence of DHPG in control and cKO mice. The bar graph shows the percentage changes of first EPSC amplitudes relative to basal values. The scatterd points show changes
in PPD. B, Examples of climbing fiber–EPSCs in response to paired stimuli in control and cKO mice. Records obtained before (basal) and during the presence of DHPG are superimposed. The bar graph
shows percentage changes of first EPSC amplitudes relative to basal values. Control: 58 ⫾ 8% (n ⫽ 10). cKO: 60 ⫾ 5% (n ⫽ 10). p ⫽ 0.34. The right panel shows changes in PPD. Control: 0.57 ⫾
0.04 (basal) and 0.76 ⫾ 0.07 (DHPG), n ⫽ 10. cKO: 0.59 ⫾ 0.05 (basal) and 0.80 ⫾ 0.08 (DHPG), n ⫽ 10. p ⫽ 0.52. n.s., Not significant.

dent suppression of PC neurotransmission is intact in TFR1 flox/flox;
pCP2-cre mice.
The GABAergic transmission from interneurons to PCs was
measured in TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice (P21).
We found that neither the frequency nor the amplitude of
mIPSCs was changed (Fig. 6A). eIPSCs were also recorded from
PCs according to previous literature (Ikeda et al., 2013). As we
increased the stimulation intensity, eIPSC amplitudes recorded
from TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice increased almost linearly and reached a similar plateau level (Fig. 6B). We
found that mean eIPSC amplitudes at a series of intensities were
not different between TFR1 flox/flox and TFR1 flox/flox;pCP2-cre
mice (Fig. 6B). These recordings suggest that GABAergic transmission onto PCs is not affected by TFR1 deletion. This conclusion was corroborated by the immunohistochemical analysis
using the presynaptic and postsynaptic markers vGAT and
gephyrin, respectively. Our results indicated that the distribution and intensity of GABAergic synapses are quite similar among
TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice (Fig. 6C).
TFR1 affects the trafficking of mGlu1
mGlu1 is internalized and recycled back to the cell membrane
upon ligand exposure (Dhami and Ferguson, 2006; Francesconi
4
(Figure legend continued.) and 99 ⫾ 6% (PSD; p ⫽ 0.37). mGlu1: 90 ⫾ 6% (total; p ⫽ 0.31)
and 40 ⫾ 7% (PSD; p ⫽ 0.0076). B, mEPSCs recorded from control (n ⫽ 10) and cKO (n ⫽ 10)
PCs. Averages of frequency were 2.3 ⫾ 0.2 Hz (control) and 2.2 ⫾ 0.2 Hz (cKO; p ⫽ 0.56).
Averages of amplitude were 21 ⫾ 1.3 pA (control) and 21 ⫾ 1.2 pA (cKO; p ⫽ 0.67). C, Sample
recordings of climbing fiber–EPSCs from control and cKO PCs. Three traces evoked by different
intensities are superimposed. The peak averages of climbing fiber–EPSCs were 867 ⫾ 89 pA
(control, n ⫽ 23) and 880 ⫾ 98 pA (cKO, n ⫽ 25; p ⫽ 0.25). Right, Percentages of discrete
steps (1 or 2) of climbing fiber–EPSCs. For control: 90% (1) and 9% (2), n ⫽ 23. For cKO: 88% (1)
and 11% (2), n ⫽ 25. D, Example mGlu1-EPSCs in response to burst stimulations (gray inset) in
control and cKO cells. mGlu1-EPSCs were blocked by its antagonist CPCCOEt (100 M). E, Slow
currents were evoked by a pulse (10 psi, 20 ms) of aCSF containing DHPG (100 M) and blocked
by mGlu1 antagonist CPCCOEt (100 M). *p ⬍ 0.05. **p ⬍ 0.01. n.s., Not significant.

et al., 2009; Choi et al., 2011). Therefore, the intracellular trafficking of mGlu1 was examined to find out how synaptic mGlu1 can
be reduced in mutant mice. DHPG (100 M) was applied to
cerebellar slices for 10 min and the level of synaptic mGlu1 was
measured 30 – 40 min (for endocytosis) or 180 –190 min (for recycling) later (Pandey et al., 2014; Zhou et al., 2015). In control
slices, synaptic mGlu1 decreased to 44 ⫾ 4% of basal level at t ⫽
40 min (n ⫽ 4) and returned to 80 ⫾ 6% at t ⫽ 190 min (n ⫽ 4;
Fig. 7A), consistent with previous work (Zhou et al., 2015). In
TFR1 flox/flox;pCP2-cre slices, synaptic mGlu1 decreased to 34 ⫾
5% of basal level at t ⫽ 40 min (n ⫽ 4) and returned to 36 ⫾ 7%
at t ⫽ 190 min (n ⫽ 4; Fig. 7A), suggesting that TFR1 deletion
exaggerates the internalization and inhibits the recycling of
mGlu1. To further investigate the effect of TFR1 on mGlu1 expression, myc-mGlu1␣ was transfected to HEK293 cells alone or
with GFP-TFR1 (Fig. 7B). Both myc-mGlu1 and GFP-TFR1 were
detected in the Triton X-100-insoluble and -soluble fractions
(Fig. 7C). The action of TFR1 on the membrane expression of
mGlu1␣ was examined by quantifying the mGlu1 ratio of insoluble/soluble fractions (Ohtsuka et al., 2002). Coexpression of
TFR1 significantly increased mGlu1␣ expression in the Triton
X-100-insoluble fraction compared with that in absence of TFR1
( p ⫽ 0.0073; Fig. 7C). These results support the idea that TFR1
promotes the presence of mGlu1␣ on the membrane.
In vitro studies have shown that Rab8 antagonizes mGlu1 internalization (Esseltine et al., 2012) and that Rab11 participates in
mGlu1 recycling (Pandey et al., 2014). To determine whether
TFR1 interacts with Rab proteins, we set up some co-IP experiments, which showed that both Rab8 and Rab11 were robustly
precipitated by TFR1 in vivo (Fig. 7D), indicating the ability of
TFR1 to interact with Rab8 and Rab11. Unexpectedly, TFR1 did
not bind directly to mGlu1 (Fig. 7D). Rab8 and Rab11 require
secure association with the membrane to execute their functions
(Li et al., 2009; Esseltine et al., 2012). Accordingly, the levels of
Rab8 and Rab11 at PC synapses were measured in TFR1 flox/flox
and TFR1 flox/flox;pCP2-cre mice. We found that both Rab8 and
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Figure 6. GABAergic synaptic transmission onto PCs is not changed by TFR1 deletion. A, mIPSCs recorded from control (n ⫽ 9) and cKO (n ⫽ 9) PCs. Averages of frequency were 7.3 ⫾ 0.3 Hz
(control) and 6.7 ⫾ 0.3 Hz (cKO; p ⫽ 0. 26). Averages of amplitude were 85 ⫾ 8 pA (control) and 76 ⫾ 10 pA (cKO; p ⫽ 0.18). n.s., Not significant. B, Superimposed eIPSCs were recorded from a
single PC of control and cKO mice in response to stimulations at 15, 25, and 35 A. Each trace is derived from averaging IPSCs of three successive traces recorded every 20 s. The right panel shows
the relationship between eIPSC amplitude and a series of stimulation intensity for control (n ⫽ 12) and cKO (n ⫽ 11) mice. C, Immunofluorescence using antibodies to gephyrin and vGAT in control
and cKO mice (P21). Nuclei were stained with DAPI (blue). Both gephyrin and vGAT showed a dotted appearance in the molecular layer and were mostly overlapped, suggesting the putative
GABAergic synapses. The density of double-labeled puncta was 5.4 ⫾ 0.2/100 m 2 in TFR1 flox/flox mice (n ⫽ 6) and 5.2 ⫾ 0.2/100 m 2 in TFR1 flox/flox;pCP2-cre mice (n ⫽ 6). Scale bars, 50 m.

Rab11 were significantly attenuated in PSD fraction of TFR1 flox/flox;
pCP2-cre mice compared with that in TFR1 flox/flox mice (Rab8:
47 ⫾ 6%, p ⫽ 0.0075; Rab11: 35 ⫾ 5%, p ⫽ 0.0068), whereas their
total expressions were not altered (Rab8, p ⫽ 0.87; Rab11, p ⫽
0.54; Fig. 7E), indicating that Rab8 and Rab11 are tethered in the
cytoplasm due to TFR1 deficiency. Interestingly, we also found
that TFR1 increased the expression of Rab8 and Rab11 significantly in the Triton X-100-insoluble fraction in HEK293 cells
(Fig. 7C). Together, these results suggest that TFR1 contributes to
the regulation of mGlu1 trafficking at least in part by regulating the
actions of Rab8 and Rab11. The presence of TFR1 enhances the
synaptic expression of Rab proteins and thereby facilitates surface
expression of mGlu1; instead, the absence of TFR1 may keep Rab8
and Rab11 tethered in the cytoplasm of the dendrites, thus increasing the internalization of mGlu1 and impeding the recycling
of endosomes (Fig. 7F ).

Deletion of TFR1 impairs parallel fiber–LTD, but not
parallel fiber–LTP
mGlu1 is essential for the induction of parallel fiber–LTD (Ichise
et al., 2000; Brasnjo and Otis, 2001). Given that mGlu1 at PC
synapses was reduced in TFR1 flox/flox;pCP2-cre mice, LTD was
examined at parallel fiber–PC synapses in voltage-clamp mode
(⫺70 mV) at RT. As shown by example responses to parallel fiber
stimulation, TFR1 flox/flox PCs showed robust LTD at the parallel
fiber to PC synapse (t ⫽ 38 min: 59 ⫾ 6% of baseline; n ⫽ 15; Fig.
8 A, B) in response to repetitive parallel fiber stimulation at 100
Hz for 100 ms paired with PC depolarization. In contrast, LTD
induction was strongly inhibited in TFR1 flox/flox;pCP2-cre PCs
(t ⫽ 38 min: 94 ⫾ 4% of baseline; n ⫽ 14; p ⫽ 0.0045; Fig. 8 A, B).
The ratio of PPF, as measured with an interstimulus interval of
80 ms, was not changed in the TFR1 flox/flox;pCP2-cre mice ( p ⬎
0.94 at t ⫽ 38 min; Fig. 8C). We also examined LTP at parallel
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Figure 7. mGlu1 trafficking is inhibited in TFR1 flox/flox;pCP2-cre mice. A, mGlu1 in total and PSD fractions was immunoblotted 30 min or 180 min after DHPG challenge. ␤-actin was the control.
B, HEK293 cells were transfected with myc-mGlu1␣ and GFP-TFR1. mGlu1␣ and TFR1 were visualized by fluorescent antibody and GFP signals, respectively. C, Histogram showing the ratios of the
Triton X-100-insoluble (I) and Triton X-100-soluble (S) fraction in HEK293 cells. TFR1, 35 ⫾ 11% (mGlu1) and 115 ⫾ 23% (mGlu1⫹TFR1), p ⫽ 0.0023. mGlu1, 134 ⫾ 17% (mGlu1) and 273 ⫾ 26%
(mGlu1⫹TFR1), p ⫽ 0.0073. Rab8, 7 ⫾ 3% (mGlu1) and 31 ⫾ 10% (mGlu1⫹TFR1), p ⫽ 0.0047. Rab11, 5 ⫾ 3% (mGlu1) and 15 ⫾ 4% (mGlu1⫹TFR1), p ⫽ 0.0051. The experiment was
repeated for four times. D, Precleared brain lysates from WT mice were immunoprecipitated with rat anti-TFR1 antibody and immunoprecipitates were probed with antibodies to Rab11, Rab8,
mGlu1, and TFR1. The experiment was performed three times. Rat IgG was used as the negative control. E, Expression of Rab proteins in PSD fraction was decreased in cKO mice. ␤-actin and PSD-95
were used as loading controls of total and PSD fractions, respectively. Percentage changes of Rab proteins in PSD fraction from cKO mice were 47 ⫾ 6% (Rab8; p ⫽ 0.0075) and 35 ⫾ 5% (Rab11;
p ⫽ 0.0068). n ⫽ 4 pairs (P21). F, Working model showing that TFR1 facilitates the trafficking of mGlu1 from the intracellular reserve pool to the membrane by binding to Rab11 and decreases the
endocytosis of mGlu1 by recruiting Rab8. *p ⬍ 0.05, **p ⬍ 0.01. n.s., Not significant.

fiber synapses in TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice
using a 1 Hz tetanus protocol (Wang et al., 2014a; Zhou et al.,
2015). After acquiring stable EPSCs in voltage-clamp mode
(⫺70 mV), a tetanus stimulation (1 Hz for 5 min) was delivered
to parallel fibers (Fig. 8D). The potentiation of EPSCs was 130 ⫾
5% of baseline in TFR1 flox/flox mice (t ⫽ 38 min; n ⫽ 11) and
129 ⫾ 6% (t ⫽ 38 min; n ⫽ 12) in TFR1 flox/flox;pCP2-cre mice
(Fig. 8E), suggesting that TFR1 is not associated with parallel
fiber–LTP ( p ⫽ 0.87 at t ⫽ 38 min). Here too, the PPF ratio was
unaffected ( p ⫽ 0.90 at t ⫽ 38 min; Fig. 8F ).
We continued to investigate whether parallel fiber–LTD could
be restored in TFR1 flox/flox;pCP2-cre PCs when they were compensated for a lack of functional mGlu1. TFR1 flox/flox;pCP2-cre
PCs in lobule V were transfected with SFV-packed eGFP-mGlu1
or eGFP (Fig. 8G) and subsequently subjected to LTD induction.
We found that parallel fiber–LTD could be induced successfully
in PCs expressing mGlu1-eGFP (t ⫽ 38 min: 71 ⫾ 6% of baseline;
n ⫽ 14), but not in those cells only expressing eGFP (t ⫽ 38 min:
93 ⫾ 7% of baseline; n ⫽ 14; Fig. 8 H, I ). PPF ratios were not
changed in either condition (Fig. 8J ). Therefore, we conclude
that the abrogation of parallel fiber–LTD is due to the reduction
of mGlu1 in TFR1 flox/flox;pCP2-cre PCs.

Deletion of TFR1 has no effect on mGlu1 plasticity
mGlu1-EPSCs exhibit a persistent depression (mGlu1-LTD) after climbing fiber stimulation-like depolarization (Kim et al.,
2008; Zhou et al., 2015). To address whether TFR1 might be
involved in mGlu1-LTD, we recorded mGlu1-EPSCs for a stable
period and applied a 5 s step depolarization from ⫺70 to 0 mV to
clamped PCs (Fig. 9A). In TFR1 flox/flox PCs, mGlu1-EPSCs decreased immediately and showed a strong depression 30 min later
(25 ⫾ 6% of baseline; n ⫽ 12; Fig. 9B). Likewise, the amplitude of
mGlu1-EPSC was reduced after depolarization in TFR1 flox/flox;
pCP2-cre PCs (t ⫽ 30 min: 30 ⫾ 6% of baseline; n ⫽ 12; Fig. 9B),
showing no difference between controls and mutants ( p ⫽ 0.83).
These data suggest that TFR1 is not involved in mGlu1-LTD. We
further investigated whether TFR1 is involved in a transient
upregulation of mGlu1 currents (mGlu1-STP), which can be induced by brief depolarizing currents on PCs (Batchelor and Garthwaite, 1997; Kim et al., 2008; Zhou et al., 2015). After recording a test
mGlu1-EPSC, somatic depolarization to 0 mV was delivered for 100
ms to the recorded PC and a second mGlu1-EPSC was evoked at
different intervals (Fig. 9C). The conditioning depolarization produced a potentiation of mGlu1 current, but had no effect on
AMPAR-EPSCs (Fig. 9C). We found that mGlu1-STP was robustly
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Figure 8. LTD is deficient whereas LTP is normal in TFR1 flox/flox;pCP2-cre mice. A, Example parallel fiber–EPSCs before (baseline) and after (t ⫽ 38 min) LTD stimulation in control and cKO PCs.
B, Time course of percentage changes of EPSC1 amplitudes in control and cKO animals. Each data point represents the average of three successive EPSCs evoked at 0.05 Hz. The upward arrow shows
LTD tetnus. **p ⬍ 0.01. C, Time course of PPF (EPSC2/EPSC1) from the cells shown in B. D, Example EPSCs before (baseline) and after (t ⫽ 38 min) LTP stimulation. E, Time course of percentage
changes of EPSC amplitude in control and cKO mice. Each data point represents the average of three successive EPSCs evoked at 0.05 Hz. F, Time courses of PPF ratios from the subset of cells shown
in E. G, Schema showing SFV injection into the vermis cerebellum. Eighteen hours after injection, eGFP signals were observed in scattered PCs (right). The amplification shows the affected spines
(arrowheads) in distal dendrites. Scale bar, 20 m. H, Representative traces of EPSCs recorded from cKO PCs expressing eGFP or eGFP⫹mGlu1 (mGlu1) before (baseline) and after (t ⫽ 38 min) LTD
induction. I, Time course of percentage changes of EPSC amplitudes in cKO PCs transduced by eGFP or mGlu1. J, Time course of PPFs shown in I.

induced in both control and TFR1-cKO PCs at similar degrees across
a range of intervals (p ⬎ 0.05; Fig. 9C), indicating that TFR1 is not
involved in mGlu1-STP. These results suggest that stimulation
protocols for mGlu1-STP and mGlu1-LTD do not require dynamic transport of mGlu1 and that mGlu1 plasticity may be
triggered by altered activity of mGlu1-associated proteins.

TFR1 ablation does not change intrinsic excitability in PCs
The intrinsic properties of PCs govern the functions of cerebellar
circuits and have a major impact on its simple spike output (Zhou
et al., 2014). We therefore examined the intrinsic excitability of
PCs by measuring their simple spike (here referred to as APs)
evoked by depolarizing current steps with increasing amplitude
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Figure 9. LTD and STP of mGlu1 are unaltered in TFR1 flox/flox;pCP2-cre mice. A, Example mGlu1-EPSCs before and after mGlu1-LTD induction in control and cKO cells. Current amplitudes were
measured at the peak of slow EPSCs. B, Time course of percentage changes in mGlu1-EPSC amplitudes from control (n ⫽ 12) and cKO (n ⫽ 12) cells induced by 5 s depolarization at the time indicated
by the arrow. C, Representative mGlu1 traces showing four different trials before (pre) and 10, 30, 60, and 180 s after a transient depolarization from one cell. Right, Time course of percentage
changes of mGlu1-EPSCs in control (n ⫽ 10) and cKO (n ⫽ 9) cells.

(Fig. 10A). Evoked APs showed comparable thresholds (TFR1 flox/flox:
52 ⫾ 3 mV; TFR1 flox/flox;pCP2-cre: 51 ⫾ 3 mV), amplitudes
(TFR1 flox/flox: 41 ⫾ 6 mV; TFR1 flox/flox;pCP2-cre: 40 ⫾ 6 mV),
half-widths (TFR1 flox/flox: 0.3 ⫾ 0.03 ms; TFR1 flox/flox;pCP2cre: 0.3 ⫾ 0.02 ms), and AHP amplitudes (TFR1 flox/flox: 8 ⫾ 2
mV; TFR1 flox/flox;pCP2-cre: 7 ⫾ 2 mV) in TFR1 flox/flox PCs (n ⫽
22) and TFR1 flox/flox;pCP2-cre PCs (n ⫽ 23; Fig. 10B–E). Moreover, PC intrinsic excitability was normal, as shown by PC responses to 400 pA current injection in TFR1 flox/flox and TFR1 flox/flox;
pCP2-cre mice (Fig. 10F ). Current step injections of increasing
amplitude resulted in a linear current-to-firing frequency relationship with similar (p ⫽ 0.48) slopes between TFR1 flox/flox (16 ⫾
1; n ⫽ 11) and TFR1 flox/flox;pCP2-cre (18 ⫾ 1; n ⫽ 11) mice (Fig.
10G). Together, these findings indicate that PC intrinsic excitability remains intact in TFR1 flox/flox;pCP2-cre mice.
Because LTP was reported to facilitate adaptation of intrinsic
properties and to drive spike activity (Schonewille et al., 2010; Peter
et al., 2016), we next examined PC intrinsic plasticity before and after
parallel fiber–LTP induction (Fig. 10H). Our results indicated that
both TFR1 flox/flox and TFR1 flox/flox;pCP2-cre mice readily demonstrated a potentiation of intrinsic excitability (TFR1 flox/flox: 130 ⫾
5%, n ⫽ 11; TFR1 flox/flox;pCP2-cre: 131 ⫾ 6%, n ⫽ 12; p ⫽ 0.62)
40 min after induction (Fig. 10I ). These results suggest that TFR1
is not a modulator for intrinsic plasticity in PCs.
PC spontaneous spikes are unaltered in TFR1 flox/flox;pCP2-cre
mice
Although whole-cell patch-clamp recordings from PCs may
disrupt physiological PC responses, cell-attached recordings
provide a less invasive technique for measuring PC excitability
(Perkins, 2006; Belmeguenai et al., 2010). Here, we recorded
spontaneous spikes of PCs in cerebellar slices from TFR1 flox/flox
and TFR1 flox/flox;pCP2-cre mice with cell-attached recordings to
determine PC excitability when TFR1 is deleted. The recordings
of spontaneous spikes were made in anterior (I–III) and posterior
(IX–X) lobules because they are dominated by different expres-

sion patterns of proteins involved in intrinsic excitability (Zhou
et al., 2014) and because abnormalities in different lobules may
have different clinical implications (Mosconi et al., 2015; Peter et
al., 2016). In both the anterior and posterior lobules, the firing
frequency of TFR1 flox/flox;pCP2-cre PCs was not significantly different from that of controls. The averages of firing frequency were
72 ⫾ 15 (TFR1 flox/flox, n ⫽ 15) and 80 ⫾ 20 (TFR1 flox/flox;pCP2cre, n ⫽ 18; p ⫽ 0.35) in anterior lobules (Fig. 11A) and 52 ⫾ 14
(TFR1 flox/flox, n ⫽ 14) and 58 ⫾ 14 (TFR1 flox/flox;pCP2-cre, n ⫽
20; p ⫽ 0.27) in posterior lobules (Fig. 11B).
The protocol for parallel fiber–LTP can trigger intrinsic plasticity
of PCs (Belmeguenai et al., 2010; Peter et al., 2016). To further characterize the intrinsic plasticity of TFR1 flox/flox;pCP2-cre PCs, we delivered a 100 Hz burst protocol to parallel fibers in cerebellar slices
and recorded spontaneous spikes of PCs in lobules IX–X before and
after the tetanus (Fig. 11C). The application of parallel fiber bursts
resulted in comparable increases in the spontaneous spike rate of
both TFR1 flox/flox PCs (123 ⫾ 5% of baseline at t ⫽ 40 min; n ⫽ 7)
and TFR1 flox/flox;pCP2-cre mice (124 ⫾ 5% at t ⫽ 40 min; n ⫽ 8; p ⫽
0.52; Fig. 11D). Together, these data indicate that ablation of TFR1
does not affect the excitability of PCs.
TFR1 ablation in PCs impairs motor coordination, but not
social behaviors
We have demonstrated previously that downregulation of mGlu1
and lack of parallel fiber–LTD by protein Numb deletion can be
associated with impairment in motor coordination (Zhou et al.,
2015). Because synaptic mGlu1 was also reduced in TFR1 flox/flox;
pCP2-cre mice, we predicted that TFR1 deficiency in PCs might
impair motor coordination. Although TFR1 flox/flox;pCP2-cre mice
did not show overt ataxia in standard cages, they indeed performed poorly when walking on a narrow elevated beam, with a
remarkably higher number of hindpaw slips (Fig. 12A). They also
exhibited impaired motor learning in that they showed limited
improvement on the accelerating rotarod compared with con-
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Figure 10. Normal intrinsic plasticity in TFR1 flox/flox;pCP2-cre mice. A, Recording configuration for whole-cell recording. Inset,
Example AP. B, AP threshold. C, AP amplitude. D, AP half-width. E, AP AHP. F, Example traces of intrinsic PC excitability as apparent
from AP firing evoked by 400 pA current injections. G, No difference in evoked firing frequency relative to various levels of current
injections. Inset barplot, Average slope of firing rate per current step. H, Example of traces for intrinsic plasticity with current
injections of 400 pA. I, LTP induction protocol induced enhanced spike output in both control and cKO PCs. n.s., Not significant.

trols after six sessions (Fig. 12B). These results indicate that TFR1
deficiency in PCs impairs motor coordination.
Increasing evidence has highlighted the importance of PC
synaptic function for autism beyond classical motor-related
behavior. Global or PC-specific deletion of syndromic or nonsyndromic autism-related genes such as Fmr1 (Koekkoek et al.,
2005), Nlgn3 (Baudouin et al., 2012; Zhang et al., 2015), TSC1
(Tsai et al., 2012), and Shank2 (Peter et al., 2016) results in
autistic-like behaviors. In all of these genetic mouse models, some
deficits in PC physiology, such as parallel fiber–LTP, mGlu1dependent LTD, and intrinsic excitability, have been found to
possibly explain the formation of autistic-like behaviors (Koekkoek et al., 2005; Baudouin et al., 2012; Tsai et al., 2012; Piochon
et al., 2014; Peter et al., 2016). Given that mGlu1 was downregulated (Fig. 4) and that induction of parallel fiber–LTD was affected (Fig. 8) in TFR1 flox/flox;pCP2-cre mice, we investigated
autism-related behaviors of these mutant mice using the threechamber social interaction task, a widely used social interaction
paradigm to evaluate autistic-like behavior in mouse models of
autism (Schmeisser et al., 2012; Won et al., 2012). TFR1 flox/flox
mice exhibited a normal preference for the chamber in which a
stranger mouse (S1) was present compared with the empty cham-

ber (Fig. 12C,D). Similarly, TFR1 flox/flox;
pCP2-cre mice also displayed a preference
for S1 (Fig. 12C,D). The time of sniffing
onto the S1 cage was similar among
TFR1 flox/flox (131 ⫾ 13 s; n ⫽ 13) and
TFR1 flox/flox;pCP2-cre (130 ⫾ 14 s; n ⫽
10) groups (Fig. 12E⬘; p ⫽ 0.22). Comparing the preference index (stranger empty)
revealed no difference ( p ⫽ 0.47) for the
stranger mouse between TFR1 flox/flox
mice (40 ⫾ 4; n ⫽ 12) and TFR1 flox/flox;
pCP2-cre mice (39 ⫾ 5; n ⫽ 11; Fig. 12E).
With the introduction of a second stranger
in the previously empty chamber, both the
TFR1 flox/flox and TFR1 flox/flox;pCP2-cre
mice demonstrated an increased preference for the novel stranger (S2) compared
with the familiar mouse (S1; Fig. 12 F, G).
The time of sniffing onto the S2 cage was
similar among TFR1 flox/flox (71 ⫾ 5 s; n ⫽
13) and TFR1 flox/flox;pCP2-cre (70 ⫾ 3 s;
n ⫽ 10) groups (Fig. 12H⬘; p ⫽ 0.34).
Again, no difference ( p ⫽ 0.53) was found
between TFR1 flox/flox (24 ⫾ 4; n ⫽ 12) and
TFR1 flox/flox;pCP2-cre (22 ⫾ 3; n ⫽ 11)
mice comparing the preference index
(S2 ⫺ S1; Fig. 12H ). Finally, we looked at
the anxiety of TFR1 flox/flox;pCP2-cre mice
that could have potentially biased the social behavior assessments (Fig. 12I ). The
open-field test showed no differences in
time spent in the inner, middle, or outer
zones between TFR1 flox/flox (n ⫽ 17) and
TFR1 flox/flox;pCP2-cre mice (n ⫽ 15; Fig.
12I ). Together, these results indicate that
TFR1 flox/flox;pCP2-cre mice do not exhibit deficits in social interaction.

Discussion

In the present study, we investigated the
regulation of mGlu1 expression as well as
motor coordination and autism-related
behaviors in TFR1 flox/flox;pCP2-cre mice. We show that: (1)
TFR1 deficiency does not overtly influence PC development;
(2) TFR1 deficiency decreases constitutive expression of synaptic
mGlu1 in PCs and inhibits the induction of parallel fiber–LTD,
but not parallel fiber–LTP and intrinsic plasticity of PCs; (3)
TFR1 modulates the trafficking of mGlu1 through Rab8 and
Rab11; and (4) PC-specific TFR1 deletion impairs motor coordination, but not autistic-like behaviors. Together, these findings
underscore the importance of TFR1 in regulating the trafficking
and constitutive expression of mGlu1 and suggest that mGlu1dependent parallel fiber–LTD can be associated with motor
coordination, but not autistic-like behaviors.
As an iron transporter, TFR1 is critical for iron uptake and
homeostasis in erythrocyte and immune systems (Tacchini et al.,
2002; Ng et al., 2006). However, it appears that, in neurons, the
role of TFR1 is more prominent in non-iron transport than in
iron homeostasis (Liu et al., 2016). Accordingly, TFR1 is distributed in a polarized fashion in that it is prominently present in
neuronal dendrites and that it colocalizes with presynaptic/postsynaptic proteins (West et al., 1997; Liu et al., 2016), implicating
a role in synaptic function. Indeed, Liu et al. (2016) found that
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both the postsynaptic density and the level
of presynaptic/postsynaptic proteins such
as synaptophysin and PSD95 are reduced
in mutant mice lacking TFR1 in their neurons. However, our experiments showed
that ablation of TFR1 selectively in PCs
does not affect the gross morphology
of cerebellar lobules or the development
of spine and dendrites in PCs. These differences can possibly be attributed to the
knock-out strategy in that a nestin promoter-driven knock-out will suffer not
only from postsynaptic, but also presynaptic deficits. This hypothesis is supported by electrophysiological recordings
showing that presynaptic release is reduced
in TFR1 flox/flox;nestin-cre mice (Liu et al.,
2016), but not in the TFR1 flox/flox;pCP2cre mice, as indicated by the unaltered frequency of PC-mEPSCs and unchanged
parallel fiber–EPSCs and climbing fiber–
EPSCs (Fig. 4). The presynaptic defect
may explain increased synaptic expression of GluA2 in hippocampal CA1 neurons of TFR1 flox/flox;nestin-cre mice (Liu et
al., 2016) because the expression of postsynaptic glutamate receptors is closely related to
synaptogenesis (Garner et al., 2002). Therefore, TFR1 may play a role in regulating synapse development and neurotransmission
efficacy at the presynaptic site, but how it is
involved in the modulation of presynaptic
proteins and transmitter-containing vesiflox/flox
;pCP2-cre mice. A, Example spontaneous spikes of PCs recorded from
cles needs to be further investigated using Figure 11. Normal spontaneous spike firing in TFR1
anterior lobules (I–III) in control and cKO mice. B, Example spontaneous spikes of PCs recorded from posterior lobules (IX–X) in
specific presynaptic promoter-driven TFR1 control and cKO mice. C, A 100 Hz parallel fiber tetanization caused increased spontaneous spike firing in cell attached recordings
knock-out mice.
in control and cKO PCs. For these recordings, only cells that showed regular simple spike firing were used. Arrows indicate the time
mGlu1/5, which is critical for synapse point of tetanization. n.s., Not significant.
formation and synaptic plasticity, is implicated in various neurological diseases
and may interact with the clathrin complex through links to adaptor
such as ataxia, memory deficits, mental retardation, and epiprotein adaptin-2 (Ohno et al., 1995). It is possible that TFR1 works
lepsy (Aiba et al., 1994a; Aiba et al., 1994b; Huber et al., 2000;
as a specified protein to select cargos recruited by clathrin-mediated
Ichise et al., 2000; Brasnjo and Otis, 2001; Hannan et al., 2001;
vesicles. To address this issue, correlations between TFR1 and recyCoesmans et al., 2003; Koekkoek et al., 2005; Lüscher and Huber,
cling and endocytic vesicles need to be investigated.
2010; Ribeiro et al., 2010; D’Antoni et al., 2014). However, the mechGiven that mGlu1 deletion impairs both parallel fiber–LTD
anisms controlling trafficking of mGlu1/5 remains largely unkown.
and synapse formation during development (Ichise et al., 2000),
Our present work suggests that TFR1 regulates endocytosis and
mGlu1-knock-out mice are not ideal for studying the specific
recycling of mGlu1 and thereby affects constitutive expression of
roles of mGlu1 in PC function in isolation. Certainly, the ideal
mGlu1 at PC synapses. The molecular mechanism underlying the
strategy might be PC deletion of mGlu1 in adult animals in an
regulation of TFR1 on mGlu1 remains elusive because in vivo
inducible fashion (e.g., tamoxifen-mediated Cre recombination;
co-IP showed no direct interaction between TFR1 and mGlu1
Yang et al., 2014). However, ablation of TFR1 specifically in PCs
(Fig. 7D). However, TFR1 bound to Rab8 and Rab11 (Fig. 7D)
allowed us to examine how dys-regulated mGlu1 acts on cerebeland loss of TFR1 reduced the level of these proteins at synapses
lar plasticity and motor behaviors because PC morphology and
(Fig. 7E). These findings are consistent with previous work. The
synapse formation were not affected by TFR1 deletion. We found
endocytosis of G-protein-coupled receptors mainly requires
that parallel fiber–LTD and motor coordination were impaired,
clathrin-coated pits and machinery proteins including arrestin and
whereas parallel fiber–LTP and intrinsic plasticity were unafdynamin (Mundell et al., 2001), PKC (Mundell et al., 2003), and
fected by reduced synaptic mGlu1, which is consistent with the
Rab8 (Esseltine et al., 2012). Moreover, the recycling of mGlu1 dehistoric view that parallel fiber–LTD may be one of the mechapends largely on protein phosphatase 2A and Rab11 (Pandey et al.,
nisms for cerebellar learning (Linden and Connor, 1995; Ito,
2014). Therefore, we hypothesize that TFR1 might control mGlu1
2002; Yamaguchi et al., 2016). Similar conclusions were drawn
trafficking at PC synapses by facilitating the recruitment of Rab8 and
after application of auto-antibodies against mGlu1 to cerebellar
Rab11 into the membrane area, thus strengthening constitutive extissue in vitro and in vivo (Coesmans et al., 2003); here too, a
pression of mGlu1. However, other possibilities cannot be excluded.
combination of deficits in LTD induction and motor coordinaFor example, TFR1 may regulate other mGlu1-trafficking proteins
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Figure 12. Impaired motor learning but normal social interactions were seen in TFR1 flox/flox;pCP2-cre mice. A, Percentage of steps with hindpaw slips during runs on an elevated horizontal beam.
TFR1 flox/flox: 16 ⫾ 2%. TFR1 flox/flox;pCP2-cre: 34 ⫾ 6%. n ⫽ 10 pairs; p ⫽ 0.023. B, Time spent on the accelerating rotarod for control and cKO mice. TFR1 flox/flox: 229 ⫾ 13 s; TFR1 flox/flox;pCP2-cre:
184 ⫾ 17 s for session 7 ( p ⫽ 0.019); TFR1 flox/flox: 249 ⫾ 12 s; TFR1 flox/flox;pCP2-cre: 195 ⫾ 12 s for session 8. n ⫽ 10 pairs. p ⫽ 0.014. C, Configuration of a three-chamber social interaction
evaluated by relative time spent in each chamber. D, Example movement traces of a control mouse and a cKO mouse. E, Summary of spent time in S1, center, and empty chambers of control (n ⫽
12) and cKO (n ⫽ 11) mice showing that both genotypes preferred to spend time in the room with S1 compared with the empty room. Eⴕ, Summary of sniffing (Figure legend continues.)
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tion was found. However, an increasing body of evidence is suggesting an even more prominent role of parallel fiber–LTP in
motor coordination (Andreescu et al., 2007; Schonewille et al.,
2010; Schonewille et al., 2011; Hesslow et al., 2013; Peter et al.,
2016; Gutierrez-Castellanos et al., 2017). Possibly, the dominant
roles of the various forms of plasticity is to a large extent determined by the intrinsic properties of the PCs of the various types of
olivocerebellar modules involved (De Zeeuw and Ten Brinke,
2015). Indeed, the zebrin-positive zones, the PCs of which fire at
relatively low firing frequencies (e.g., those controlling adaptation of
vestibulo-ocular reflex), may benefit in particular from potentiation
mechanisms that increase the firing rate, whereas the predominant
zebrin-negative zones, the PCs of which fire at relatively high firing
frequencies (e.g., those controlling locomotion and eyeblink conditioning), may benefit in particular from suppression mechanisms
that decrease the firing rate (De Zeeuw and Ten Brinke, 2015; Ten
Brinke et al., 2015). Therefore, synaptic and intrinsic plasticity processes at different levels, including those regulating excitatory and
inhibitory transmissions and PC intrinsic excitability, might underlie particular aspects of motor behaviors (Wulff et al., 2007; Schonewille et al., 2010; Galliano et al., 2013). To what extent a deficit in
mGlu1-dependent LTD contributes to the phenotype on the accelerating rotarod remains to be determined.
Neuroimaging studies from patients and animals have revealed that the limbic system and cortico-striatothalamo-cortical
circuit are major pathological loci for autism spectrum disorders
(Park et al., 2016). Nevertheless, recent evidence shows the importance of cerebellar dysfunction in autistic behaviors. Many
genes disrupted in autism are expressed in the cerebellum
(Fatemi et al., 2012; Wang et al., 2014b). Moreover, PC-specific
mutations of several syndromic or nonsyndromic autism genes
result in autistic-like behaviors (Tsai et al., 2012; Zhang et al.,
2015; Cupolillo et al., 2016; Peter et al., 2016). Therefore, an
attractive question is how these mutations cause PC dysfunction
and autistic behaviors. Evidence obtained in both rodents and
patients shows a close relationship between mGlu1/5 and autism.
In Shank3 mutant mice, mGlu5 is increased selectively at synapses of striatal neurons (Wang et al., 2016). mGlu5 antagonists
revert neuronal phenotypes in the limbic system and attenuate
autistic behaviors in Fmr1 knock-out and Shank3 mutant mice
(Koekkoek et al., 2005; Lüscher and Huber, 2010; Vinueza Veloz
et al., 2012; Gantois et al., 2013; Wang et al., 2016). The alteration
in mGlu1/5 signaling is therefore regarded as one of the main
causes of the autistic features because it disrupts synaptogenesis
and synaptic function (Zoghbi and Bear, 2012). In the cerebellum, knock-out of Nlgn3 causes an increase in mGlu1 expression
in PCs and inhibits mGlu1-dependent LTD, implying that altered
mGlu1-dependent LTD in PCs is involved in autism (Baudouin
et al., 2012). Our present work showed that the reduction in
synaptic mGlu1 was sufficient to impair parallel fiber–LTD and
motor learning, but it did not affect autism-related social behav-

4
(Figure legend continued.) time onto S1 of control and cKO mice. F, Configuration of a threechamber after the introduction of S2. G, Example movement traces of a control mouse and a cKO
mouse mice in the three-chamber with S1 and S2. H, Summary of spent time in S1, center, and
S2 chambers of control (n ⫽ 12) and cKO (n ⫽ 11) mice showing that both genotypes preferred
to spend time in the room with S2 compared with S1. Hⴕ, Summary of sniffing time onto S2 of
control and cKO mice. I, In the open-field test, control (n ⫽ 17) and cKO mice (n ⫽ 15) showed
no differences in time spent in the inner (control: 8 ⫾ 4%; cKO: 5 ⫾ 1%), middle (control: 20 ⫾
4%; cKO: 25 ⫾ 3%), or outer (control: 72 ⫾ %; cKO: 70 ⫾ 5%) zones. *p ⬍ 0.05, **p ⬍ 0.01.
n.s., Not significant.

iors. These findings indicate that a deficit in mGlu1-dependent
LTD by itself is not sufficient to cause autism.
So what are the critical factors for the generation of autism?
One of the main factors that might determine that autistic features may be linked to mutations of, for example, Tsc1 or Nlgn3 is
the fact that, in contrast to the current genetic deletion of TFR1,
these latter mutations introduce structural aberrations of the
cyto-architecture of the cerebellar cortex during early development (Baudouin et al., 2012; Tsai et al., 2012; Zhang et al., 2015).
Such early deterioration in cerebellar function might affect coherent firing in the cortico-striatothalamo-cortical circuits from
early on and prevent for example expectation of reward processing (Wagner et al., 2017), generating an increase in repetitive
behavior and abnormal social interactions. Therefore, the contributions of autism-related genes in PC dysfunction may reside in
various mechanisms that might be involved differentially in motor coordination and social-related behaviors. Future molecular
and functional studies must elucidate the exact mechanisms by
which syndromic and nonsyndromic autism-related genes regulate PC function and influence autistic-like behaviors. The current findings on TFR1 and its role in mGlu1/5 trafficking through
Rab8 and Rab11 in PCs may help to design future strategies to
treat related motor disorders in adults, but it does not appear to
be the first target of choice for intervening in autism-like disorders early in development.
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Bellone C, Lüscher C (2006) Cocaine triggered AMPA receptor redistribution is reversed in vivo by mGluR-dependent long-term depression. Nat
Neurosci 9:636 – 641. CrossRef Medline
Belmeguenai A, Hosy E, Bengtsson F, Pedroarena CM, Piochon C, Teuling E,
He Q, Ohtsuki G, De Jeu MT, Elgersma Y, De Zeeuw CI, Jörntell H,
Hansel C (2010) Intrinsic plasticity complements long-term potentiation in parallel fiber input gain control in cerebellar Purkinje cells. J Neurosci 30:13630 –13643. CrossRef Medline
Brasnjo G, Otis TS (2001) Neuronal glutamate transporters control activation of postsynaptic metabotropic glutamate receptors and influence cerebellar long-term depression. Neuron 31:607– 616. CrossRef Medline
Choi KY, Chung S, Roche KW (2011) Differential binding of calmodulin to
group I metabotropic glutamate receptors regulates receptor trafficking
and signalling. J Neurosci 31:5921–5930. CrossRef Medline
Coesmans M, Smitt PA, Linden DJ, Shigemoto R, Hirano T, Yamakawa Y, van
Alphen AM, Luo C, van der Geest JN, Kros JM, Gaillard CA, Frens MA, de
Zeeuw CI (2003) Mechanisms underlying cerebellar motor deficits due
to mGluR1-autoantibodies. Ann Neurol 53:325–336. CrossRef Medline
Crepel F, Daniel H (2007) Developmental changes in agonist-induced retrograde signaling at parallel fiber-Purkinje cell synapses: role of calciuminduced calcium release. J Neurophysiol 98:2550 –2565. CrossRef Medline

Zhou, Wang et al. • TFR1 Regulates mGlu1 and Motor Learning
Cupolillo D, Hoxha E, Faralli A, De Luca A, Rossi F, Tempia F, Carulli D
(2016) Autistic-like traits and cerebellar dysfunction in Purkinje cell PTEN
knock-out mice. Neuropsychopharmacology 41:1457–1466. CrossRef
Medline
D’Antoni S, Spatuzza M, Bonaccorso CM, Musumeci SA, Ciranna L, Nicoletti
F, Huber KM, Catania MV (2014) Dysregulation of group-I metabotropic glutamate (mGlu) receptor mediated signalling in disorders associated with intellectual disability and autism. Neurosci Biobehav Rev 46:
228 –241. CrossRef Medline
Dehnes Y, Chaudhry FA, Ullensvang K, Lehre KP, Storm-Mathisen J, Danbolt
NC (1998) The glutamate transporter EAAT4 in rat cerebellar Purkinje
cells: a glutamate-gated chloride channel concentrated near the synapse in
parts of the dendritic membrane facing astroglia. J Neurosci 18:3606 –
3619. Medline
De Zeeuw CI, Ten Brinke MM (2015) Motor learning and the cerebellum.
Cold Spring Harb Perspect Biol 7:a021683. CrossRef Medline
Dhami GK, Ferguson SS (2006) Regulation of metabotropic glutamate receptor signalling, desensitization and endocytosis. Pharmacol Ther 111:
260 –271. CrossRef Medline
Esseltine JL, Ribeiro FM, Ferguson SS (2012) Rab8 modulates metabotropic
glutamate receptor subtype 1 intracellular trafficking and signaling in a
protein kinase C-dependent manner. J Neurosci 32:16933–16942. CrossRef
Medline
Fatemi SH, Aldinger KA, Ashwood P, Bauman ML, Blaha CD, Blatt GJ, Chauhan A, Chauhan V, Dager SR, Dickson PE, Estes AM, Goldowitz D, Heck
DH, Kemper TL, King BH, Martin LA, Millen KJ, Mittleman G, Mosconi
MW, Persico AM, Sweeney JA, Webb SJ, Welsh JP (2012) Consensus
paper: pathological role of the cerebellum in autism. Cerebellum 11:777–
807. CrossRef Medline
Ferrero JJ, Alvarez AM, Ramírez-Franco J, Godino MC, Bartolomé-Martín D,
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