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Abstract
Long-term depression at parallel fiber-Purkinje cell synapses (PF-PC LTD) has been proposed to
be required for cerebellar motor learning. To date, tests of this hypothesis have sought to interfere
with receptors (mGluR1) and enzymes (PKC, PKG, or αCamKII) necessary for induction of PF-
PC LTD and thereby determine if cerebellar motor learning is impaired. Here, we tested three
mutant mice that target the expression of PF-PC LTD by blocking internalization of AMPA
receptors. Using three different cerebellar coordination tasks (adaptation of the vestibulo-ocular
reflex, eyeblink conditioning, and locomotion learning on the Erasmus Ladder), we show that
there is no motor learning impairment in these mutant mice that lack PF-PC LTD. These findings
demonstrate that PF-PC LTD is not essential for cerebellar motor learning.

INTRODUCTION
Persistent use-dependent changes in synaptic function, including long-term depression
(LTD) and long-term potentiation (LTP), have been widely suggested to underlie learning.
The theory of PF-PC LTD was originally based on models by Marr (1969), later elaborated
by Albus (1971), which suggested that the cerebellar matrix consisting of the parallel fibers
(PFs) and orthogonally oriented climbing fibers is optimally designed for entraining and
modifying Purkinje cell (PC) output. Recordings obtained by Ito and coworkers confirmed
this concept by showing that combined activation of these two inputs resulted in a persistent
depression of PF-evoked excitatory postsynaptic currents (EPSCs) in PCs (Ito, 1982; Linden
and Connor, 1995). Moreover, their findings indicated that induction of LTD during visuo-
vestibular training could, in principle, persistently modify the gain and phase of the simple
spike activity of the floccular PCs that drive the vestibulo-ocular reflex (VOR) (Nagao,
1989) (for underlying circuitry see Figure 1A). The potential correlation between LTD
induction and cerebellar motor learning was subsequently supported by a series of studies in
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mouse mutants in which both processes were affected concomitantly (Aiba et al., 1994;
Boyden et al., 2006; De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006; Kim and
Thompson, 1997; Koekkoek et al., 2003). For example, blockade of LTD induction by
interference with the mGluR1/PKC, PKG, or αCamKII pathways all resulted in impairment
of VOR adaptation (Aiba et al., 1994; De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al.,
2006). Still, these studies were not conclusive, because pharmacological blocking of LTD
did not affect eyeblink conditioning (Welsh et al., 2005), and training without instructive
signals from the climbing fibers partially allowed VOR adaptation (Ke et al., 2009). In
principle the positive correlations found in the mouse mutants in which induction of LTD
was affected could be attributed to the fact that the affected receptors and kinases mediate
upstream signaling in a highly divergent fashion. Each kinase has many substrates, most of
which are not involved in PF-PC LTD and could affect both baseline function of the
cerebellar network and other forms of synaptic and nonsynaptic plasticity in the cerebellum
(Chen and Tonegawa, 1997; Hansel et al., 2006; Kano et al., 1996).

Here we investigated the role of PF-PC LTD in cerebellar motor learning by testing three
different mutant mice in which blockade of PF-PC LTD expression is achieved by the
targeting of late events in the LTD signaling cascade, i.e., downstream at the level of the
GluRs and the related proteins that control their trafficking (Steinberg et al., 2006). The
mutants are the PICK1 knockout (KO) mouse, the GluR2Δ7 knockin (KI) mouse, and the
GluR2K882A KI mouse (Figure 1A). The homozygous PICK1 KO mouse lacks PICK1, an
essential intermediary between PKC activation and internalization of the AMPA receptor
(Xia et al., 2000). The GluR2Δ7 KI mouse lacks the last seven amino acids of the C-
terminal tail; this mutation eliminates the C-terminal type II PDZ ligand and disrupts the
interaction of GluR2 with PICK1 and GRIP1/2 (Steinberg et al., 2006; Xia et al., 2000).
Finally, and most specifically, the GluR2K882A KI mouse contains a mutated form of
GluR2 that incorporates a single lysine mutation in the consensus recognition motif for PKC
(S/T-X-K/R) and thereby prevents phosphorylation at S880 by PKC and internalization of
the AMPA receptor while leaving the PDZ ligand and phosphorylation by other kinases
functionally intact (Chung et al., 2003; Kemp and Pearson, 1990; Steinberg et al., 2006;
Wang and Linden, 2000; Xia et al., 2000). Thus, all three types of mutant mice lack
expression of cerebellar LTD, although their upstream induction pathways are not directly
affected (Steinberg et al., 2006). All three types of mutant mice were subjected to VOR
adaptation, eyeblink conditioning, and locomotion learning on the Erasmus Ladder to cover
a wide range of cerebellar learning behaviors (De Zeeuw et al., 1998; Koekkoek et al., 2003;
Van Der Giessen et al., 2008).

RESULTS
To determine whether the LTD-expression-deficient mutants can be used to uncover specific
phenotypes relevant to vestibulo-cerebellar learning, we first ascertained whether they had
gross deficits in their basic motor performance (Figure 1B). Basic eye movement tests
showed that both amplitude (gain) and timing (phase) of the optokinetic reflex (OKR), VOR
in the dark, and visual VOR (VVOR) in the mutants were not significantly different from
those in their wild-type littermates, over a range of stimulus frequencies varying from 0.2
Hz to 1.0 Hz (p > 0.4 for all values; ANOVA for repeated measures; for n and p values, see
Tables S1 and S2 available online). These data were comparable to those obtained in the
mutant mice in which the induction of LTD was impaired by blockade or deletion of one of
the kinases PKC, PKG, or αCamKII (De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al.,
2006). Subsequently, we subjected the PICK1 KO, GluRΔ7 KI, and GluR2K882A KI mice
to various short-term adaptation tests, including OKR gain-up, VOR gain-down, and VOR
gain-up training (Figure 1C). After being exposed for 50 min to different forms of visuo-
vestibular training, all mutants showed significant adaptation for all three protocols (p <
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0.005 for all protocols, paired Student's t test), and none of the mutants showed any sign of
impairment compared to wild-types (p > 0.5 for all parameters, ANOVA for repeated
measures; for numerical details, see Tables S1 and S2). The outcomes of these tests stand in
marked contrast to those of the LTD-induction-deficient kinase mutants (Boyden et al.,
2006; De Zeeuw et al., 1998; Feil et al., 2003; Hansel et al., 2006), in which clear deficits of
motor learning are found.

In theory, differences among the PICK1 KO, GluRΔ7 KI, and GluR2K882A KI mutants and
their wild-type littermates could become apparent when they are subjected to a longer, more
robust training paradigm (see also Blazquez et al., 2004; De Zeeuw and Yeo, 2005). To
address this point, we also employed a 6 day in-phase visuo-vestibular training paradigm,
which results in very prominent gain and phase learning changes in wild-types (Wulff et al.,
2009), but to not as great a degree in the LTD-induction-deficient kinase mutants (e.g., van
Alphen and De Zeeuw, 2002). With this long-term training, both VOR gain and VOR phase
values of all PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants are also adapted
significantly (p < 0.001 for all mutants; ANOVA for repeated measures), and this form of
adaptation also occurred at levels that were comparable to those of their wild-type
littermates (p > 0.4 for all comparisons; ANOVA; Figure 2A).

One could argue that the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mice had sufficient
time to develop compensatory mechanisms that bypass the requirement for LTD. To test
this, we injected C57BL/6 wild-type mice with T-588 (10 mg/kg i.p.), a cognitive enhancer,
shown to block LTD both in vitro and in vivo (Kimura et al., 2005; Welsh et al., 2005). In
line with the data obtained in the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mice, the
learning behavior was not impaired following injections with T-588. In fact, surprisingly,
the injections resulted in a faster VOR phase reversal (p < 0.003 on days 3, 4, and 5;
ANOVA for repeated measures; Figure 2B) and higher gain values on day 6 (p < 0.001;
ANOVA for repeated measures; data not shown). Thus, when we blocked LTD either
chemically or by genetically targeting the late events in its signaling cascade, deficits in
cerebellar motor learning could not be observed following either three different types of
short-term, visuo-vestibular training or an extremely strong and sensitive form of long-term,
visuo-vestibular training.

To find out whether the absence of a phenotype in the LTD-expression-deficient mutants is
specific for the vestibulo-cerebellum, or whether it can be extrapolated to other parts of the
cerebellum, we subjected them to eyeblink conditioning tests using a tone and an airpuff as
the conditioned stimulus (CS) and unconditioned stimulus (US), respectively. Eyeblink
conditioning has previously been demonstrated to require mGluR1 (Aiba et al., 1994;
Kishimoto et al., 2002) and PKC (Koekkoek et al., 2003), which are both necessary for the
induction of LTD. Similar to that in controls, the percentage of conditioned responses (CRs)
in the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mice increased significantly (all p <
0.05; t test, between animals p > 0.2; ANOVA for repeated measures) (Figure 3A; Tables S1
and S2). In addition, the timing and amplitude of the CRs in the PICK1 KO, GluR2Δ7 KI,
and GluR2K882A KI mutants were indistinguishable from those in control mice (Figure 3C;
Tables S1 and S2). Moreover, the kinetics of the unconditioned eyelid responses in all three
types of mutants did not differ significantly from those of control mice, suggesting that the
performances of their eyelid responses were also normal (Figure 3B). Subsequently, we
subjected the LTD-expression-deficient mutants to locomotion conditioning tests on the
Erasmus Ladder using a tone and a rising rung as the CS and US, respectively. Conditioning
on the Erasmus Ladder has previously been demonstrated to require intact inferior olivary
neurons and PCs (Van Der Giessen et al., 2008; Renier et al., 2010), the climbing fiber
activity of which facilitates the induction of LTD (Albus, 1971; Marr, 1969). The PICK1
KO, GluR2Δ7 KI, and GluR2K882A KI mutants demonstrated a normal basic performance
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in locomotion in that their baseline steptimes and numbers of missteps were not significantly
different from those of controls (Figure 3D, “pre” panels indicate pretraining; Tables S1 and
S2). The introduction of a perturbation, preceded by a 15 kHz tone at a fixed time interval so
as to condition their locomotion patterns, caused a significant increase in steptimes in all
groups (all p < 0.01, t test; Figure 3D, “post” panels indicate posttraining). In all three types
of mutants these changes were not significantly different from those in their equivalent
controls (all p > 0.14, t test; Tables S1 and S2).

Together, these data argue against the Marr-Albus-Ito hypothesis, which predicts that PF-PC
LTD is essential for cerebellar motor learning. However, certain questions must be
addressed. First, do the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants show
compensations that may rescue the behavioral phenotype even with LTD impaired? For
example, changes in PF-PC LTP induction might partially compensate for impaired LTD
induction (Coesmans et al., 2004; Lev-Ram et al., 2003; Schonewille et al., 2010). To
address this possibility we investigated induction of postsynaptic LTP at the PF to PC
synapse in slices derived from mutant mice (Figure 4A). No significant difference in LTP (p
> 0.2; ANOVA for repeated measures) was found among the PICK1 KO, GluR2Δ7 KI, and
GluR2K882A KI mutants and wild-type littermates. This suggests that the blockade of PF-
PC LTD induction is not compensated for by alterations in postsynaptic PF-PC LTP.
Second, is LTD impaired in adult PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants?
To date, impaired LTD has only been shown in young PICK1 KO, GluR2Δ7 KI, and
GluR2K882A KI mutants (Steinberg et al., 2006), whereas all the behavioral experiments
described herein have been performed in adults. We therefore assessed LTD in slices of 3-
to 6-month-old PICK1 KO, GluRΔ7 KI, and GluR2K882A KI mutants. In these older
mutants too, LTD was impaired compared to that of controls (p < 0.04 for all comparisons;
ANOVA for repeated measures) (Figure 4B; Table S2). Even when we repeated the LTD
protocol in the presence of the postsynaptic LTP blocker cyclosporin A, a calcineurin
inhibitor (Belmeguenai and Hansel, 2005), LTD was not revealed (p < 0.05 for all
comparisons; ANOVA for repeated measures) (Figure 4C). Third, is there presynaptic
compensation? Paired pulse facilitation was not affected in the mutant mice (data not shown;
all p > 0.10; one-way ANOVA), arguing against compensation for the deletion through
major presynaptic changes. The ratio of paired pulse facilitation (calculated as PPF-R, ratio
of before to after) did not differ significantly from 1 in any of the induction paradigms (all p
> 0.05; one-sample t test), affirming the postsynaptic nature of the types of plasticity tested
here. Finally, is LTD induction required during motor learning in younger animals only,
meaning that adult ones might depend on other forms of plasticity? To address this concern,
we performed the same VOR and OKR adaptation tests in 4- to 6-week-old mice. Similar to
adults, these animals did not show any deficit in their motor learning capabilities (p > 0.7 for
all comparisons) (Figure S1).

DISCUSSION
Against our expectations, we did not find any deficit in various forms of cerebellar motor
learning when we tested three different types of mutant mice that lack expression of
cerebellar LTD. Together, these data argue against an essential role for LTD in cerebellar
motor learning. Still, despite the absence of a compensatory change in PF-PC LTP induction
or presynaptic PF plasticity, we cannot exclude the development of other compensatory
mechanisms that might contribute to cerebellar motor learning in the three types of LTD-
expression-deficient mutants tested here. These compensations could take the form of
changes in basal electrophysiological function, use-dependent neuronal plasticity, or both.
Perhaps the cerebellar PCs and/or the neurons that feed into them are sufficiently enriched
with various forms of plasticity such that deletion of PF-PC LTD alone does not result in a
behavioral deficit (D'Angelo et al., 1999; Jörntell and Ekerot, 2003; Salin et al., 1996). If the
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compensatory mechanisms indeed play a role, they may in fact operate rather fast, because
even application of T-588, which blocks LTD by acutely reducing calcium release from
intracellular stores, does not lead to deficits in cerebellar motor learning (current study;
Welsh et al., 2005). However, the potential occurrence of compensatory mechanisms does
not undermine the conclusion that the data presented here challenge the classical Marr-
Albus-Ito hypothesis, because the ability to adjust the PF input to PCs was proposed to be
the fundamental and essential requirement for motor learning (Albus, 1971; Marr, 1969).
Our data demonstrate that motor learning can occur completely normally in the absence of
PF-PC LTD, or at least in the absence of the form of PF-PC LTD that has been investigated
intensely with a wide range of stimulus protocols over the past decades (Ito, 1982; Linden
and Connor, 1995; De Zeeuw et al., 1998; Hansel et al., 2006).

Why can the general impairments in cerebellar motor learning that occur in the PKC, PKG,
and αCamKII mutants (Boyden et al., 2006; De Zeeuw et al., 1998; Feil et al., 2003; Hansel
et al., 2006) not be compensated for? In these kinase mutants the blockades may, in contrast
to those in the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants, not only affect LTD
at their PF synapses, but also other forms of cerebellar plasticity. For example, inhibition of
PKC may affect the efficacy of GABA receptors at the molecular layer interneuron to PC
synapses by influencing GABA receptor surface density and sensitivity to positive allosteric
modulators, modifying chloride conductance (Song and Messing, 2005), or both, while
inhibition of αCamKII may directly affect LTP at these GABAergic inputs (Kano et al.,
1996). Interestingly, plasticity at both the PF to molecular layer interneuron synapse and at
the molecular layer interneuron to PC synapse have, just like PF-PC LTD, been reported to
depend on climbing fiber activity (Jörntell et al., 2010). Indeed, recent evidence
demonstrates that loss of instructive climbing fiber signals results in impaired VOR
adaptation (Ke et al., 2009), supporting the possibility that climbing fibers may play an
important role here. Thus, this disynaptic plasticity in the feedforward inhibition onto PCs
provides a possible answer to the emerging question of what the role of the climbing fibers
might be when climbing-fiber-induced PF-PC LTD is not essential. Similarly, PCs also
display intrinsic plasticity (Belmeguenai et al., 2010), and protein kinases may well be
required for persistent use-dependent modulation of one or more of the ion channels
involved. Finally, the kinases might also play a role in presynaptic plasticity at the PC to
cerebellar nuclei neuron synapse (Pedroarena and Schwarz, 2003) and/or postsynaptic
plasticity at the mossy fiber or climbing fiber collateral to cerebellar nuclei neuron synapse
(Pugh and Raman, 2008; Zhang and Linden, 2006). Thus, combined deficits in plasticity at
the PF to PC synapse, the molecular layer interneuron to PC synapse, the PC to cerebellar
nuclei neuron synapse, and the collateral to cerebellar nuclei neuron synapse, and in the
intrinsic plasticity of PCs, provide interesting alternative explanations for the behavioral
phenotypes observed in the PC-specific PKC, PKG, and αCamKII mutants (De Zeeuw et al.,
1998; Feil et al., 2003; Hansel et al., 2006).

The mutations in the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants were global,
i.e., not cell specific. Thus, it was remarkable that both cerebellar motor performance and
motor learning were normal, despite the fact that the mutations affect multiple cell types in
both the cerebellum and its supportive systems. The global character of the mutations even
further strengthens the implications of the general absence of a necessary and sufficient
correlation between our cell physiological and behavioral findings. One would expect more
deficits in general, and it raises the possibility that the affected protein and receptors, as well
as the correlated cell physiological deficit in LTD, can be readily compensated for in
general. The same argument may hold for the specific concept that was put forward by the
Marr-Albus-Ito hypothesis, i.e., the idea that climbing fiber activity during motor learning
weakens the PF influence onto PCs and thereby reduces their output. As explained above,
there may be different climbing-fiber-driven mechanisms in place that can act
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simultaneously under normal conditions and that can compensate for each other's absence in
particular mutant mice. For example, the climbing fibers might be able to both depress the
PF to PC synapse and potentiate the molecular layer interneuron to PC synapse (Jörntell et
al., 2010), and both could ultimately lead to a depression of PCs’ simple spike activity.
Thus, in principle a climbing-fiber-driven reduction in simple spikes may still occur during
learning in the PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants, despite a blockade
of LTD at the PF to PC synapse. Such a combined action of different mechanisms might
also explain why blocking the GABAergic input from the molecular layer interneurons onto
the PCs still allows a substantial level of motor learning (Wulff et al., 2009); i.e., in that case
PF-PC LTD may be enhanced to compensate. It might thus be useful to use the current
LTD-expression-deficient mice in combination with others to identify the combination of
plasticities that may be essential for cerebellar motor learning.

EXPERIMENTAL PROCEDURES
All experiments were conducted in accordance with The Dutch Ethical Committee for
animal experiments.

Eye Movement Recordings
Mice aged 4–6 (young) or 12–30 (adult) weeks were prepared for experiments under
isoflurane anesthesia by receiving a construct on the skull allowing their immobilization.
After 5 days of recovery, mice were placed in a restrainer, which was fixed onto the center
of a turntable that was surrounded by a cylindrical screen. Baseline OKR and VVOR were
evoked by rotating the screen and turntable, respectively. Short-term adaptation was evoked
by drum and table rotation out of phase or in phase with an amplitude of 5° at 0.6 Hz for 5 ×
10 min. Long-term adaptation was induced by in-phase training with equal amplitude on day
1 (5° at 0.6 Hz, 5 × 10 min) and an increase in drum amplitude by 1° each subsequent day.
Gain (eye velocity/stimulus velocity) and phase (eye to stimulus in degrees) values were
calculated offline. Chemical block of LTD was induced by i.p. injections of 10.0 mg/kg
T-588 (provided by Toyama, Japan), dissolved in sterile saline (1.0 mg/ml), heated to ~37°,
and injected 30 min prior to the start of the experiment.

Eyeblink Conditioning
Mice aged 12–30 weeks were anesthetized, surgically prepared, and investigated with the
use of MDMT as described before (Koekkoek et al., 2003) (Neurasmus B.V.,
http://www.neurasmus.com). After a recovery period of 4 days, mice were subjected to two
habituation sessions, six training sessions, and four extinction sessions A training session
consisted of eight blocks, each consisting of six paired trials, one US only trail, and one CS
only trial. For the US we used a mild corneal airpuff (30 ms), and for the CS, an auditory
tone (interstimulus interval, 350 ms, CS and US coterminate). Eyelid responses in paired
trials were categorized into auditory startle responses (latency to peak, 5–50 ms), short-
latency responses (latency to onset, 50–70 ms, and latency to peak, ~115 ms), or cerebellar
CRs (latency to onset, 50–350 ms, and latency to peak, 360 ms). For CS only trials we used
the same values, except that the latency to peak amplitude of the CR was smaller than 400
ms instead of 360 ms.

The Erasmus Ladder
Mice aged 12–30 weeks were subjected to the Erasmus Ladder (Neurasmus B.V.,
http://www.neurasmus.com/), which consists of two, single-opening black boxes equipped
with a bright white light. These shelters are connected by a ladder consisting of 37 double
rungs placed 15 mm apart, with alternate rungs in a descended position, so as to create an
alternating stepping pattern with 30 mm gaps. Mice were subjected to four motor
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performance sessions followed by four associative motor learning sessions, each consisting
of 72 trials. On days 5–8, mice were trained to avoid an obstacle by the presentation of a
tone (90 dB, 15 Hz tone; CS) 285 ms before a rung rose (12 mm; US) in the swing phase of
their right paws. Steptime is defined as the time needed to place one of the front paws from
one rung to the other; and missteps, as the number of touches on the descended rungs. A
decrease in post steptime (steptime directly after the CS) over the sessions, implying that
mice learn to adjust their stepping patterns to the obstacle, is taken as a measure of
associative motor learning.

Cell Physiological Recordings
Patch-clamp experiments were performed as recently published (Schonewille et al., 2010).
In short, sagittal slices of the cerebellar vermis (250 μm) from adult mice were made in ice-
cold oxygenated “slicing” solution containing (in mM) 2.5 KCl, 1 CaCl2, 3 MgCl2, 25
NaHCO3, 1.25 NaH2PO4, 240 sucrose, and 25 D-glucose. Slices were kept at room
temperature (23°C ± 1°C) in oxygenated ACSF containing (in mM) 124 NaCl, 5 KCl, 1.25
Na2HPO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, 20 D-glucose, and 100 μM picrotoxin.
Cyclosporin A (bath applied, 5 μM in 0.5% EtOH) was added where indicated. Whole-cell
patch-clamp recordings were performed using an EPC-10 amplifier (HEKA, Lambrecht) and
patch pipettes filled with (in mM) 120 K-Gluconate, 9 KCl, 10 KOH, 3.48 MgCl2, 4 NaCl,
10 HEPES, 4 Na2ATP, 0.4 Na3GTP, and 17.5 sucrose (at pH 7.25). PF-PC LTD was
induced by pairing PF and CF stimulation at 1 Hz for 5 min, and PF-PC LTP was induced
by PF stimulation alone at 1 Hz for 5 min. Test responses (two pulses at 50 ms interval)
were evoked every 20 s in voltage-clamp mode to prevent spontaneous spiking. In all
experiments, cells were switched to current-clamp mode for tetanization.

Data Analysis
All values are shown as mean ± SEM. All p values were determined for mutants against
pooled (values used here) and mutant-specific controls (see Table S2), using two-tailed
Student's t test, one-way ANOVA, or ANOVA for repeated measures with a posthoc Tukey
test to determine significance between the groups. p < 0.05 was considered statistically
significant.

See Supplemental Experimental Procedures for a full description of experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cerebellar Circuitry, Basic Motor Performance, and Short-Term Motor Learning
(A) The vestibulo-cerebellum receives excitatory input from the inferior olive (IO, orange)
and vestibular ganglion cells (VG, green) and sends an inhibitory projection (black) back to
the cerebellar and vestibular nuclei (CN/VN), and from there onward to motor nuclei (MN).
According to the Marr-Albus-Ito hypothesis, the climbing fibers (CF) originating in the IO
carry the error signal and the mossy fiber-parallel fiber system (MF-PF) relays motor
activity signals. The inset shows how, after concomitant activity in CF and PF, AMPA
receptors are internalized through interaction of PICK1 (red) with the C-terminal region of
AMPA-type glutamate receptor subunit GluR2 (dark gray), resulting in LTD of the PF to
Purkinje cell synapse (PF-PC LTD). In the mutant mice used herein, PF-PC LTD expression
is blocked either by deletion of PICK1, a knockin in which GluR2 is replaced with a
truncated form involving deletion of the last seven amino acids of GluR2 (GluR2Δ7; blue),
or within a knockin harboring a point mutation in the PKC recognition motif of GluR2
(GluR2K882A; green). (B) Gain values of the PICK1 KO, GluR2Δ7 KI, and GluR2K882A
KI mutants during the optokinetic reflex (OKR), vestibulo-ocular reflex (VOR) in the dark,
and VVOR are not significantly different from those of wild-type controls (black). (C)
Short-term visuo-vestibular, out-of-phase mismatch training resulted in significant (p <
0.005 for all groups) gain increases of PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI
mutants during the OKR (top panel) and VOR (bottom panel). Short-term visuo-vestibular,
in-phase mismatch training resulted in significant (p < 0.001 for all groups) gain decreases
of PICK1 KO, GluR2Δ7 KI, and GluR2K882A KI mutants during the VOR (middle panel).
All these changes were not significantly different from those of wild-type controls. For
clarity of presentation the wild-types are presented as a pooled group. For number of mice
per group, see Table S1. The p values for individual mutants versus all controls and versus
littermates are listed in Table S2. Error bars denote SEM.
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Figure 2. Long-Term VOR Phase Adaptation Is Normal
(A) Long-term visuo-vestibular in-phase mismatch training resulted in phase reversals of
PICK1 KO (red), GluR2Δ7 KI (blue), and GluR2K882A KI (green) mutants during the
VOR, but these reversals were not significantly different from those of wild-type controls
(black). For clarity of presentation the wild-types are presented as a pooled group. Number
of mice per group is listed in Table S1, and p values, in Table S2. (B) VOR phase reversal in
C57BL/6 mice injected with LTD-blocking T-588 (purple, 10 mg/kg, i.p.) and subjected to
the same visuo-vestibular mismatch training paradigm was significantly faster (p < 0.003 for
day 3–5) compared with that of C57BL/6 mice injected with vehicle (black). Data from
wild-type control mice without injection (gray) are added for comparison. Error bars denote
SEM.
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Figure 3. Eyeblink Conditioning and Locomotion Conditioning Are Not Impaired
(A) Eyeblink conditioning increased the percentage of conditioned responses (CRs)
significantly (all p < 0.05; habituation session versus acquisition session 6) in PICK1 KO,
GluR2Δ7 KI, and GluR2K882A KI mutants, as well as their littermate controls. (B) Kinetics
of unconditioned responses (URs) are unaffected in all groups. Latency to UR onset, R1
during unconditioned stimulus (US)-only trials, and R1 peak amplitude versus UR peak
velocity (right) also did not differ between PICK1 KO, GluR2Δ7 KI, GluR2K882A KI, and
control mice. Each dot represents the mean value of one animal. (C) Amplitude (left three
panels) and timing (right two panels) of CRs are normal in all three mutant mice compared
to that of control mice. Left two panels: Means of all eyeblink CR raw data traces for each
group in paired trials during training sessions 2 and 6. Middle panel: Averaged CR
amplitude for sessions 2 and 6. Right two panels: Mean percentage of CR peak times (25 ms
bin) for each group during training session 2 and 6. At the end of the training (session 6), in
all groups the majority of CR peak times are clustered around US onset at 850 ms. Short-
latency responses (SLRs), which occur frequently during mouse eyeblink conditioning, are
indicated. CS onset is set at 500 ms, US onset at 850 ms, interstimulus interval (ISI) = 350
ms, US duration = 30 ms. (D) Analysis of locomotion conditioning on the Erasmus Ladder
revealed no significant differences in number of missteps and steptime between mutant and
control mice. Both motor performance values (left panels without background) and motor
learning values (right panels with gray transparent background) were not affected. During
locomotion conditioning, the US, i.e. a rising rung, occurs 250 ms after the onset of the CS
(a 15 kHz tone). All mutants show an acquired change in steptime after (post) the CS
compared to before (pre). This change is not different from that seen in littermate controls
(Table S2). For number of mice per group, see Table S1. The p values for individual mutants
versus all controls and versus littermates are listed in Table S2. Error bars denote SEM.
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Figure 4. Postsynaptic LTP Is Normal, whereas Postsynaptic LTD Is Blocked
(A) EPSC amplitudes were significantly (p < 0.005 for all groups) increased following LTP
induction (arrow) in PICK1 KO (red), GluR2Δ7 KI (blue), and GluR2K882A KI (green)
mutants, but these increases were not significantly different from those in controls (black).
(B) LTD induction in slices of 3- to 6-month-old PICK1 KO, GluR2Δ7 KI, and
GluR2K882A KI mutants was significantly impaired compared to that of controls. (C) Even
after application of the LTP blocker cyclosporin A, LTD induction did not occur in the
mutants. Insets show that the ratio of paired pulse facilitation after induction of plasticity to
that before induction (PPF-R) did not change in control, PICK KO, GluR2Δ7 KI, and
GluR2K882A KI mice, suggesting that plasticity occurred post-synaptically. For clarity of
presentation the wild-types are presented as a pooled group. Number of mice per group is
listed in Table S1, and p values, in Table S2. Scale bars: horizontal, 30 ms; vertical, 100 pA.
Error bars denote SEM.
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