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Asymmetries in cerebellar plasticity and motor learning
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Abstract

Synaptic plasticity at the parallel fiber to Purkinje cell synapse has long been considered a cellular
correlate for cerebellar motor learning. Functionally, long-term depression and long-term
potentiation at these synapses seem to be the reverse of each other, with both pre- and post-
synaptic expression occurring in both. However, different cerebellar motor learning paradigms
have been shown to be asymmetric and not equally reversible. Here we discuss the asymmetric
reversibility shown in the vestibulo-ocular reflex and eye-blink conditioning, and suggest that
different cellular plasticity mechanisms might be recruited under different conditions leading to
unequal reversibility.
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Motor learning in the cerebellum is essential for maintaining and adjusting the precision and
accuracy of movements. For example, the vestibulo-ocular reflex (VOR) is a simple reflex
that stabilizes gaze during head movements. During vestibulo-visual mismatch training, the
gain of the VOR can be increased (gain-up learning) or decreased (gain-down learning)
through cerebellum-dependent learning. A long-standing theory of cerebellar function
suggests that motor learning may be the result of synaptic plasticity at cerebellar parallel
fiber (PF) to Purkinje cell (PC) synapses [1-3]. The pairing of climbing fiber (CF) and PF
stimulation is known to cause long-term depression (LTD) at these synapses [3], which is
widely viewed to be the cellular correlate of motor learning in the cerebellum, as the
reduction in the efficacy of excitatory synapses onto the GABAergic PCs is thought to
disinhibit target neurons at the cerebellar and vestibular nuclei [4]. The cellular reverse of
LTD is long-term potentiation (LTP). A widespread theory of VOR motor learning proposes
that learned gain increases are the result of LTD in the cerebellar flocculus [3, 5-7, but see:
8], while LTP is the mechanism of learned gain decreases [9-12].

Functionally, cerebellar LTD and LTP seem to be cellular inverses of each other. In PCs, the
induction of LTP involves the repeated stimulation of PFs, while the additional co-activation
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of the CF input leads to the induction of LTD. This additional CF stimulation is thought to
amplify calcium transients in PC dendrites to a threshold needed to induce LTD. Thus, CF
co-activation helps reach the calcium threshold needed for LTD induction and regulates PF-
PC bidirectional plasticity [13].

If LTD and LTP are cellular inverses, the expression of one should be able to completely
reverse the other if both are expressed post-synaptically. The reversibility of LTP and LTD
are confirmed in cerebellar slices. It was shown using both spike probability measurements
as well as patch-clamp recordings of EPSCs that PF-LTP induction can be can fully reversed
and overcome by LTD, even when LTP was fully saturated [13, 14; Fig 1A]. Furthermore,
the reversibility seems to hold true during both low [13] and high [15] frequency PF
stimulation induction protocols. Thus, these studies suggest that LTD and LTP are fully
reversible, and act upon the same post-synaptic substrates.

Since LTD and LTP have been shown to be symmetric correlates of each other in vitro, this
would predict that gain-up and gain-down learning in the VOR would also be completely
reversible. However, learning in the VOR has been shown to be asymmetric. VOR learning
is induced by pairing vestibular motion with a visual error signal. Experimentally, gain-up
learning is achieved by rotating the animal in the opposite direction of the visual field, or by
wearing magnifying lenses. To decrease the VOR gain the animal can be rotated in the same
direction as the visual field, or by wearing miniaturizing lenses [10, for review see: 16]. In
naive animals with no prior learning experience, gain-down learning was shown to be more
potent and not easily reversed by repeated gain-up training. Boyden and Raymond have
demonstrated in mice, that gain-up learning saturated at a lower value when it was preceded
by gain-down learning [9]. Similarly, it was shown that a cat wearing magnifying prisms for
2 hours was still not able to completely overcome 1 hour of prior experience with
miniaturizing prisms. In the inverse situation, a gain increase followed by a gain decrease,
there was no residual effect, and the animal was able to decrease its VOR completely, to a
level comparable to 2 hours of gain-down learning alone [17; Fig 1B, C], in effect showing
that gain-up learning is not able to reverse gain-down learning, and may not be as potent.
This could suggest that the LTP recruited during gain-down learning was more efficient than
the LTD recruited during gain-up learning.

Similarly, it has been shown that the selectivity for head-rotation frequency in the VOR is
different for learned gain increases and decreases. Gain changes in the VOR are always
greatest when measured at the same rotational frequency at which training occurred, thus
showing selectivity for a specific frequency [5, 18-22]. The amount of learning decreases as
the training and testing frequencies diverge, thus showing a pattern of generalization, or the
ability to transfer learning to a slightly different context. In the VOR, the amount of
generalization of learning to other frequencies was significantly less after gain-up learning,
showing a much sharper tuning curve compared to gain-down learning [21]. Thus, it is
implied that with different patterns of generalization, gain increases and decreases are not
exact inverses at the circuit level, and cannot fully reverse each other.

If gain-down learning is more potent than gain-up learning, as evidence suggests, this would
indicate that the plasticity at the synapses are not fully reversed when the opposite protocol
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is induced. If learning were still present or not fully "reset’ back to a baseline level, this
would lead to ‘savings’ of learning at the synapses that could potentially influence or bias
behavioral learning such as the VOR. However, it should be noted that learned gain changes
in the VOR (both increases and decreases) are shown to be completely reversible in the
long-term. Repeated learning trials over months to years, both in the monkey [23] and the
cat [7], showed no indication of savings or a decrease in the amount learned over time,
indicating that perhaps over time this ‘savings’ passively decays back toward the baseline
level.

Perhaps the best example of learned savings is during associative eye-blink conditioning.
During delayed eye-blink conditioning, the associative learning of an unconditioned
stimulus (such as an air puff or peri-orbital shock) paired with a conditioned stimulus (such
as a tone or light), leads to the gradual learning of a conditioned response [eye-blink; for
review see: 24]. This learned association has been linked to cerebellar PF-LTD [25, 26]. The
repeated non-associative presentation of the conditioned stimulus alone will lead to the
extinction of this conditioned response, which is similar to LTP resulting from PF
stimulation alone [11, 27]. However, if the unconditioned and conditioned stimuli are paired
once again, the re-learning of the conditioned response occurs at a much faster rate [28].
Thus, the initial learning was not actually extinguished or really gone, but perhaps only
hidden or masked. This suggests that the associative and non-associative learning
mechanisms are asymmetric, and do not fully reverse each other. It is interesting to note that
unlike the VOR, here it is the LTD-dependent change that appears dominant, suggesting the
possibility that LTP could not fully reverse LTD.

Recently, we have shown a correlation between the impairment in the acquisition of eye-
blink conditioning and PF-LTD in a mouse model of autism. Autistic mice (mouse model
for the human 15g11-13 duplication), unlike the wild-type controls, were shown to have a
specific impairment in PF-LTD, while LTP was shown to be completely normal. In line with
this, these mice were also shown to have impaired learning during the acquisition of the CR,
but not the extinction of the response. However, the LTD impairment was ‘rescued’, when
the LTD protocol was preceded by prior LTP induction, showing that the LTD was
saturated, but not blocked. Similarly, these mice show normal re-acquisition of eye-blink
conditioning [15]. Thus, this study supports the hypothesis that LTD contributes to CR
acquisition, while LTP is involved with its extinction.

It should be mentioned that it has been recently pointed out that the acquisition of cerebellar
eye-blink conditioning requires a very precise delay interval with the CS preceding the US
by about 150ms (Wetmore et al, 2014), and that this is incompatible with the original PF-
LTD induction protocol involving the simultaneous stimulation of PF and CF inputs (lto et
al, 1982). Indeed, while eye-blink conditioning cannot be induced with the co-activation of
the CS and US stimuli, it should be noted that PF-LTD has been shown to have a spike-
timing dependency, with the CF stimulus optimally occurring 50-250 ms after PF
stimulation (for discussion, see: Piochon et al. 2013). This temporal specificity is in line
with the associative requirements of both eye-blink conditioning requiring a PF-CF delay
period [30, 31], as well as VOR gain adaptation [32].
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Similarly, in our lab we have shown that PF-LTD can be reliably induced after 100 Hz PF
stimulation with CF stimulation occurring 120 ms after the PF-stimulation onset [15, 33]. It
is thought that this high frequency PF-LTD protocol maybe more physiologically relevant,
as PF inputs to the PC are known to fire in bursts of activity and within a wide frequency
range [34, 35]. Which may bring up the possibility of multiple LTD and LTP working over a
wide frequency range, such as VOR learning at many different frequencies.

In cerebellar slices, LTP can be induced by repeated PF stimulation, while LTD is facilitated
by co-activation of the CF. This CF input leads to supralinear calcium transients in PF-PC
spines [36], and promotes the induction of LTD, which has a higher calcium threshold than
LTP [13]. The large calcium transients are thought to partially result from the activation of
type 1 metabotropic glutamate receptors [MGIluR1; 25] and subsequent calcium release from
internal stores [37], as well as the activation of Nmethyl- D-aspartate (NMDA) receptors
[33]. Additionally, the increase in calcium facilitates protein kinase dependent pathways that
include protein kinase C [PKC; 5, 38] and a-calcium/calmodulin-dependent protein kinase
Il [CaMKII; 6]. PKC phosphorylates the AMPA receptor subunit GIuR2 at the ser-880
residue, and initiates a clathrinmediated endocytosis of AMPA receptors [39, 40].
Simultaneously, CaMKII facilitates the cGMP/PKG-mediated suppression of protein
phosphatase 2A (PP2A), by inhibition of phosphodiesterase 1 [41]. Thus, it is clear that this
form of LTD is expressed post-synaptically.

The cellular mechanism of cerebellar LTP seems to be a mirror image of LTD, and shares
the same substrate [for review see: 42]. LTP is also calcium dependent, and is prevented
when the calcium chelator BAPTA is present in the internal saline, however the calcium
threshold for LTP is lower than that for LTD [13]. Unlike LTD which depends on the
activity of protein kinases, LTP induction depends on the activation of protein phosphatases
[43]. This is similar to the protein phosphatase/kinase switch that controls LTD and LTP at
hippocampal synapses. In contrast to LTD, LTP induction does not require glutamate
binding to mGIuR1 [44] or NMDA receptors [33, 45]. LTP depends on nitric oxide (NO)
signaling [46], phospholipase A, and endocannabinoid signaling [47]. Whereas LTD results
in the removal of AMPA receptors, LTP results in the insertion of AMPA receptors at the
post-synaptic density. It is thought that NO promotes the nitrosylation of the N-
ethylmaleimide-sensitive factor [NSF; 48], which in turn binds to the GIuR2 AMPA
receptor subunits and mediates their membrane insertion [49, see also: 50].

Although it is clear that post-synaptic LTD and LTP are perfectly capable of reversing each
other, there is also a pre-synaptically expressed form of LTP (Salin et al., 1996). Pre-
synaptic LTP is thought to involve adenylyl cyclase, CAMP, and PKA and is not affected by
post-synaptic but rather pre-synaptic calcium signaling. The expression of pre-synaptic LTP
has no effect on post-synaptic AMPA receptors, but instead increases the amount of
neurotransmitter (glutamate) that is released from the parallel fiber terminals [51]. A
potential reverse to this from of LTP, pre-synaptic LTD, has also been described, but seems
restricted to conditions that pharmacologically block pre-synaptic LTP. It has been shown in
cerebellar slices that pre-synaptic LTD involves endocannabinoid signaling and CB1
receptor activation on PF terminals, and depends on NMDA receptor activation, but not
mGIuR1 [52]. In urethane-anesthetized mice in vivo, this pre-synaptic LTD was found to be
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dependent on NMDA, mGuR1, and CBL1 receptor activation, and up-regulated by NO
synthase [53]. It currently remains unclear under which physiological conditions this type of
plasticity is recruited.

The asymmetric reversibility in learning may suggest that different plasticity mechanisms
are recruited under different conditions. As expected, pre-synaptically expressed LTP cannot
be reversed by post-synaptic LTD [14]. Thus, asymmetric learning in vivo could be the
result of the asymmetric recruitment of pre- and post-synaptic mechanisms. For example,
during VOR learning the recruitment of both pre- and post-synaptic LTP during a learned
gain decrease cannot be completely reversed by gain-up learning if only post-synaptic LTD
was recruited. This suggests that pre-synaptic LTD is not being triggered during VOR motor
learning. Similarly, it was suggested that short-term behavioral changes apparent in eye-
blink conditioning were the result of pre-synaptic LTP and that this form of plasticity faded
over the time course of hours as did the behavior, instead of being actively reversed [54].
Again, this suggests that pre-synaptic LTD was not activated.

In should be noted that in vivo, LTP and LTD most likely work in concert with each other. It
has been shown that under circumstances when post-synaptic LTD is induced pre-synaptic
LTP is actively blocked via retrograde cannabinoid signaling, such as during CF co-
activation [55] or cholinergic signaling [56]. This dichotomy is furthered, since under the
same conditions that induce high-frequency LTP, a hon-synaptic form of plasticity, activity-
dependent increase in intrinsic excitability, can also be induced [57]. Thus, intrinsic
plasticity can further potentiate the response of the cell and may make the reversal very
difficult. Thus, although LTD and LTP are the cellular inverses of each other, the pre- and
post-synaptic mechanisms of plasticity are not equally recruited during motor learning,
leading to asymmetric behavior and savings of learning.

Clearly, the asymmetries seen in gain decreases and gain increases in the VOR suggest that
different mechanisms of synaptic plasticity are behind these types of learning. It should be
noted that other plasticity mechanisms and sites of learning could also potentially contribute
to cerebellar learning [see: 58, 59], and could also result in asymmetric reversal of learning.
For instance, it has been suggested that savings seen during eye-blink conditioning, may in
fact be due to multiple learning sites [28], including a LTP-like mechanism at the
interpositus nuclei [60]. In addition, many knockout mice with deficits in PF-PC LTD or
LTD have shown various or no effect in VOR gain learning [8, 61, 62; and others].
Similarly, experiments have shown that the instructive signals from the CF were sufficient,
but not necessary to induce VOR learning [63]. Similarly, the optogenetic stimulation of
either only the PC’s or climbing fibers was enough to induce gain-up learning [64],
suggesting that PF-LTD might not be the sole mechanism driving these learning behaviors.
Although it should be noted, that in these experiments any stimulus that is sufficiently strong
to produce dendritic calcium spikes could induce PF-LTD, the involvement of multiple
plasticity mechanisms cannot be ruled out.

Although here we mostly focused on the simple idea that bidirectional changes at one
potential synapse (PF-PC) contributes to learned changes, more recently it has become
obvious that a more complicated network of synapses are involved in cerebellar motor
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learning [see: 65]. It is now known that most synapses in the cerebellar cortex, are capable
of synaptic plasticity, including the CF-PC synapse [66], mossy fiber to granule cell
synapses [67-69], molecular layer interneurons to PC synapses [70, 71], and well as
plasticity in the cerebellar/vestibular nuclei [72—74]. Furthermore, there is evidence
suggesting that the synaptic changes at these additional sites can also play a role in
cerebellar motor learning tasks such as in the VOR [75-78]. In addition, these plasticity sites
may be recruited at different times during the course of a motor learning task [79]. For
instance during the consolidation of long-term memory [22, 80-82], it was been suggested
that learning is originally formed in the cerebellar cortex, but is later moved to the
cerebellar/vestibular nuclei for long-term storage. It is clear that these different forms and
sites of plasticity may work together, and that the asymmetry in the recruitment of these
mechanisms may lead to the asymmetry seen in the behavior. However, even with the
possibility of many learning sites, the question remains of how or when these different
mechanisms are recruited during different behavioral paradigms, and why they are not
recruited equally or symmetrically to allow for easy reversal.

LTP and LTD at the PF-PC synapse have long been shown to be involved in VOR learning
and remain to be good potential candidates as putative sites of cerebellar learning. Thus, to
truly understand learning and how this asymmetry in behavior could arise, we must
understand how LTD and LTP work together, and more importantly under what
circumstances they are recruited during in vivo learning conditions. The question remains as
to why the cellular machinery for the full reversal of LTD and LTP exist (i.e. both pre- and
post-synaptic forms of LTP and LTD exist), but these mechanisms are not used during
behavioral paradigms.
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Figure 1.
Post-synaptic LTP and LTD are completely reversible in cerebellar slices, yet cerebellar

learning in the VOR shows pronounced asymmetry. a: Post-synaptic LTD can completely
reverse prior post-synaptic LTP. Time graph showing 1 Hz LTP (PF stimulation) followed
by LTD (PF+CF). Arrows indicate the time points of tetanization. Error bars are mean +
SEM. Panel (a) is taken from Coesmans et al (2004). Copyright 2004 by Elsevier. b and c:
In naive cats, gain-down learning limited subsequent gain-up learning. b: Time course of
VOR gain, measured at 0.5 Hz, over 2-3 hours in cats wearing magnifying (x2) or
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miniaturizing (x0.25) lenses. In the “up-up” and “down-down” protocol, cats wore the
magnifying or miniaturizing lenses for 2 hours. In the “up-down-down” and “down-up-up”
protocols the lenses were switched after the first hour. c: Summary of final gain change
from panel B. In the down-up-up protocol, 2 hours of gain up learning failed to increase the
VOR gain above pre-learning values. Panels (b) and (c) are modified from Broussard et al.
(2011). Copyright 2011 by Springer.
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