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Eyes Wide Open on AMPARs trafficking during motor learning

In this issue of neuron, Roth et al. (2020) report that the content of GluA1 containing AMPAR at spines and dendrites in vivo in the motor and visual cortex increases proportionally to learning of a motor task. Visual cortex activity is necessary for increasing AMPAR content and learning in light.

Lasting memories are stored in the brain by a wide range of synaptic rearrangements underlying neuronal circuit changes [START_REF] Holtmaat | Functional and structural underpinnings of neuronal assembly formation in learning[END_REF][START_REF] Humeau | The next generation of approaches to investigate the link between synaptic plasticity and learning[END_REF]. Pioneering studies using multiphoton microscopy in vivo to monitor the dynamics of dendritic spines have revealed that learning causes the expansion of preexisting spines, the formation of new ones and the retraction of others [START_REF] Fu | Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo[END_REF][START_REF] Hayashi-Takagi | Labelling and optical erasure of synaptic memory traces in the motor cortex[END_REF][START_REF] Xu | Rapid formation and selective stabilization of synapses for enduring motor memories[END_REF][START_REF] Yang | Stably maintained dendritic spines are associated with lifelong memories[END_REF]. Although these phenomena possibly depend on long-term plasticity of synaptic transmission, whether the strength of a particular synapse changes over time and correlates with learning remain unknown. In this issue of Neuron, Roth and colleagues elegantly use twophoton imaging to measure the amount of surface GluA1 subunit of AMPARs in synapses of layer (L) 5 neurons in the primary motor cortex (M1) and thus visualize synaptic plasticity events that occur while mice learn a reaching motor task [START_REF] Roth | Cortical Synaptic AMPA Receptor Plasticity during Motor Learning[END_REF].

Various motor learning tasks cause rapid synapse formation in M1 pyramidal neurons that correlates remarkably well with behavioral performance [START_REF] Fu | Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo[END_REF][START_REF] Hayashi-Takagi | Labelling and optical erasure of synaptic memory traces in the motor cortex[END_REF][START_REF] Xu | Rapid formation and selective stabilization of synapses for enduring motor memories[END_REF][START_REF] Yang | Stably maintained dendritic spines are associated with lifelong memories[END_REF]. This suggests a key role for newly-generated spines in memory formation. In addition, a substantial fraction of preexisting spines enlarge in trained mice [START_REF] Hayashi-Takagi | Labelling and optical erasure of synaptic memory traces in the motor cortex[END_REF]. Synaptic long-term potentiation (LTP), through the activity-dependent incorporation of AMPARs in synapses [START_REF] Humeau | The next generation of approaches to investigate the link between synaptic plasticity and learning[END_REF], is a prime candidate for the increased synaptic transmission accompanying the enlargement of pre-established dendritic spines. Earlier studies showed that rhythmic whisker stimulation induced AMPAR recruitment at spines in the barrel cortex in vivo [START_REF] Zhang | Visualization of NMDA receptor-dependent AMPA receptor synaptic plasticity in vivo[END_REF]. Furthermore, blocking AMPAR trafficking to synapses impairs LTP in the hippocampus and memory formation, suggesting a causal role of LTP-like mechanisms in learning [START_REF] Humeau | The next generation of approaches to investigate the link between synaptic plasticity and learning[END_REF][START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF].

Training in a reaching task increased synaptic responses in pyramidal neurons of the contralateral M1, and occluded LTP, suggesting that synaptic potentiation had occurred during learning [START_REF] Rioult-Pedotti | Learning-induced LTP in neocortex[END_REF]. However, longitudinal electrophysiological tracking of changes in synaptic strength at identified synapses during learning is not possible.

Roth et al. used 2 photon imaging to measure AMPAR content at synapses, an excellent proxy for synaptic strength [START_REF] Humeau | The next generation of approaches to investigate the link between synaptic plasticity and learning[END_REF]. To specifically measure surface expressed synaptic AMPAR content, and not be polluted with intracellular receptors, authors used SuperEcliptic Phluorin (SEP) tagged GluA1 subunit of AMPAR. In utero electroporation of L5 neurons in the mouse cortex with SEP-GluA1, myc-GluA2, and dsRed2, allowed the formation of GluA1/A2 heteromers, the dominant form of AMPAR in pyramidal neurons. Longitudinal in vivo two-photon imaging of SEP and dsRed2 allowed tracking AMPAR content and spine and dendrite volume changes over days at the same location during learning of a forelimb reaching task. In addition, the authors performed behavioral testing under optogenetic inhibition of motor or visual cortex in VGAT-ChR2-EYFP mice.

The amount of synaptic GluA1 increased in parallel to learning. GluA1 levels in individual spines was overall highly dynamic over the 8 days of training or during the equivalent period in the home cage, with some spines showing increases and others

showing decreases in GluA1, and about 60% remaining stable. Importantly, the distribution of GluA1 changes in spines was shifted toward larger increases in trained mice. Spine size moderately changed, in correlation with changes in spine GluA1. GluA1 also increased in dendrites, in correlation with their adjacent spines. This is coherent with models of activity dependent extrasynaptic exocytosis of AMPAR and diffusion-trapping during synaptic potentiation [START_REF] Humeau | The next generation of approaches to investigate the link between synaptic plasticity and learning[END_REF]. Interestingly, spines showing an increase at the beginning of training further increased during later training sessions, suggesting that learning is supported by a subset of spines that progressively enhance GluA1 content rather than by successive transient changes. Furthermore, GluA1 insertion persisted beyond the end of training, in agreement with the observation that once a skill is learned, it can be maintained for a long period of time without further training.

Remarkably, mice showing more improvement during motor training also gained a greater amount of spine AMPARs. This is however not conclusive evidence causally relating potentiation of preexisting synapses to memory. Indeed, structural or functional studies usually do not discriminate between neurons specifically engaged by the task and those that are irrelevant. Along this line, specifically compromising those spines that grow upon learning impairs memory [START_REF] Hayashi-Takagi | Labelling and optical erasure of synaptic memory traces in the motor cortex[END_REF].

How does synapse strength modification versus creation of new spines relate to local changes in wiring diagrams remains an unresolved important question. Roth et al. observed a positive correlation in synaptic AMPAR changes between nearby dendritic spines in trained mice, suggesting that motor learning caused LTP at neighboring preexisting spines. This is to put in perspective with earlier studies showing that newly-generated synapses during learning are not randomly distributed but are organized in clusters [START_REF] Fu | Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo[END_REF][START_REF] Holtmaat | Functional and structural underpinnings of neuronal assembly formation in learning[END_REF].

Whether clustering of new spines and potentiating preexisting synapses are coregulated or functionally related remains unknown. In contrast to previous studies showing that the density of dendritic spines returns to its basal level after the removal of some dendritic spines [START_REF] Xu | Rapid formation and selective stabilization of synapses for enduring motor memories[END_REF], Roth et al. failed to observe weakening of potentiated synapses, even at later stages of motor learning. This suggests that newlygenerated spines and potentiated preexisting spines rely on distinct rather than shared cortical circuits.

While functional clustering of spines supports a modular rather than mixed model of memory storage [START_REF] Fu | Repetitive motor learning induces coordinated formation of clustered dendritic spines in vivo[END_REF][START_REF] Holtmaat | Functional and structural underpinnings of neuronal assembly formation in learning[END_REF][START_REF] Roth | Cortical Synaptic AMPA Receptor Plasticity during Motor Learning[END_REF], neighboring spines could also harbor synapses from distinct axons, possibly integrating inputs from very different brain regions. In contrast to the traditional view [START_REF] Rioult-Pedotti | Learning-induced LTP in neocortex[END_REF]Xu et al., 2009), Roth et al. observed that motor training increases the level of synaptic GluA1 in both M1 contralateral and ipsilateral to the trained paw, but also in the visual cortex. Taken together, these data indicate that, rather than being confined to discrete brain regions, the synaptic mechanisms of motor learning are distributed across widespread cortical networks, including motor and sensory cortical areas. Interestingly, spine GluA1 levels in the visual cortex were lower in mice trained in dark than in light.

Inhibiting visual cortex with optogenetic in expert mice that learned the task with light decreased success rate by altering dexterity without affecting motor command. Thus, the integration of sensory information is a critical component of motor control, likely by providing important sensory feedbacks. While it remains unclear whether GluA1dependent synaptic plasticity in the visual cortex regulates neuronal processing in M1, for example through direct projections, it is not so surprising that motor control relies on the integration of sensory inputs to generate and update movement. Surprisingly, Roth et al found that mice trained in dark performed the reaching task equally well than mice trained in light, and inhibiting visual cortex in these mice did not impair success reach, indicating that the visual cortex is not required in that condition.

Altogether, Roth et al provide compelling evidence for the existence of parallel learning strategies contributing to the development of an accurate motor output, based on visual and/or somatosensory perception, depending on the availability of these inputs.

Further understanding of the causative links between synaptic plasticity and learning will require sophisticated combination of imaging and optogenetic experiments together with the capacity to interfere specifically with synaptic plasticity events.