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Persistent changes that occur in brain circuits are classically thought to be mediated by long-term modifications in synaptic efficacy. Yet, many studies have shown that voltage-gated ion channels located at the input and output side of the neurons are also the subject to persistent modifications. These channels are thus responsible for intrinsic plasticity that is expressed in many different neuronal types including glutamatergic principal neurons and GABAergic interneurons. As for synaptic plasticity, activation of synaptic glutamate receptors initiate persistent modification in neuronal excitability. We review here how synaptic input can be efficiently altered by activity-dependent modulation of ion channels that control EPSP amplification, spike threshold or resting membrane potential. We discuss the nature of the learning rules shared by intrinsic and synaptic plasticity, the mechanisms of ion channel regulation and the impact of intrinsic plasticity on induction of synaptic modifications.

2.

Introduction

Information storage in the brain is classically thought to result from long-lasting modifications of chemical synaptic transmission. Support to this has been provided by many studies showing up-or down-regulation of synaptic transmission following specific regimes of synaptic activity. For instance, long-term synaptic potentiation (LTP) occurs following high frequency stimulation of afferent glutamatergic inputs at many synaptic pathways including the Schaffer collateral-CA1 cell synapse [START_REF] Bliss | A synaptic model of memory: Long-term potentiation in the hippocampus[END_REF][START_REF] Malenka | Postsynaptic factors control the duration of synaptic enhancement in area CA1 of the hippocampus[END_REF], mossy-fibre-CA3 cell synapse [START_REF] Zalutsky | Comparison of two forms of long-term potentiation in single hippocampal neurons[END_REF], visual neocortical inputs [START_REF] Artola | Long-term potentiation and NMDA receptors in rat visual cortex[END_REF], and glutamatergic afferents to inhibitory interneurons [START_REF] Lamsa | Anti-Hebbian long-term potentiation in the hippocampal feedback inhibitory circuit[END_REF]. Long-term synaptic depression (LTD) is induced homosynaptically following low frequency stimulation of glutamatergic inputs. Evidence for homosynaptic LTD has been provided at the Schaffer collateral-CA1 cell synapse [START_REF] Dudek | Homosynaptic long-term depression in area CA1 of hippocampus and effects of N-methyl-D-aspartate receptor blockade[END_REF][START_REF] Mulkey | Mechanisms underlying induction of homosynaptic long-term depression in area CA1 of the hippocampus[END_REF], inputs to visual cortical neurons [START_REF] Kirkwood | Common forms of synaptic plasticity in the hippocampus and neocortex in vitro[END_REF]. LTP and LTD have been shown to be induced associatively when a synaptic input is paired with postsynaptic spiking activity. LTP is induced at Schaffer collateral inputs when glutamatergic input is synchronously paired with burst of action potentials [START_REF] Gustafsson | Long-term potentiation in the hippocampus using depolarizing current pulses as the conditioning stimulus to single volley synaptic potentials[END_REF][START_REF] Kelso | Hebbian synapses in hippocampus[END_REF][START_REF] Sastry | Associative induction of posttetanic and long-term potentiation in CA1 neurons of rat hippocampus[END_REF] whereas LTD results of asynchronous activation of these two stimuli [START_REF] Debanne | Asynchronous pre-and postsynaptic activity induces associative long-term depression in area CA1 of the rat hippocampus in vitro[END_REF][START_REF] Debanne | Cooperative interactions in the induction of long-term potentiation and depression of synaptic excitation between hippocampal CA3-CA1 cell pairs in vitro[END_REF]. These forms of associative synaptic plasticity led to the emergence of the spike-timing-dependent plasticity (STDP) rule [START_REF] Abbott | Synaptic plasticity: Taming the beast[END_REF][START_REF] Feldman | The spike-timing dependence of plasticity[END_REF] in which positive correlation between excitatory post-synaptic potentials (EPSPs) and single spikes led to LTP whereas their negative correlation led to LTD [START_REF] Bi | Synaptic modifications in cultured hippocampal neurons: Dependence on spike timing, synaptic strength, and postsynaptic cell type[END_REF][START_REF] Debanne | Long-term synaptic plasticity between pairs of individual CA3 pyramidal cells in rat hippocampal slice cultures[END_REF][START_REF] Feldman | Timing-based LTP and LTD at vertical inputs to layer II/III pyramidal cells in rat barrel cortex[END_REF][START_REF] Markram | Regulation of synaptic efficacy by coincidence of postsynaptic APs and EPSPs[END_REF].

All these synaptic modifications are specific to the synapse stimulated during the cellular conditioning [START_REF] Bliss | A synaptic model of memory: Long-term potentiation in the hippocampus[END_REF][START_REF] Debanne | Asynchronous pre-and postsynaptic activity induces associative long-term depression in area CA1 of the rat hippocampus in vitro[END_REF][START_REF] Malenka | Postsynaptic factors control the duration of synaptic enhancement in area CA1 of the hippocampus[END_REF] and may thus allow high capacity of information storage. However, synaptic plasticity appears to not constitute the sole manner to modify input-output function and voltage-gated channels located at the input and output sides of neurons are also subject to activity-dependent modification [START_REF] Debanne | Plasticity of intrinsic neuronal excitability[END_REF][START_REF] Titley | Toward a neurocentric view of learning[END_REF][START_REF] Zhang | The other side of the engram: Experience-driven changes in neuronal intrinsic excitability[END_REF]. Here, we review recent in vitro works devoted to the role of ion channels in the modulation of input-output function in mammalian neurons. First, we will consider the different ways of modulating input-output function at the neuronal scale. Then, we will review the learning rules of input-output plasticity on the basis of those defined for synaptic modifications. Finally, we will discuss intrinsic plasticity in GABAergic interneurons, the impact of ion channel regulation on induction of synaptic plasticity and intrinsic plasticity in vivo.

that is achieved by synaptic and intrinsic mechanisms. Whereas expression mechanisms of synaptic plasticity are well identified today and involve either presynaptic change in neurotransmitter release or postsynaptic change in glutamate receptor density or function (Fig. 1A), modulation of input-output function can be achieved through at least 3 different types of functional modulation: change in EPSP amplification (Fig. 1B), spike threshold modulation (Fig. 1C) and membrane potential adjustment (Fig. 1D) [START_REF] Debanne | Plasticity of intrinsic neuronal excitability[END_REF]. In addition, modulation of the balance between synaptic inhibition and excitation is responsible for apparent input-output plasticity that occurs following induction of LTP [START_REF] Lu | Calcineurin-mediated LTD of GABAergic inhibition underlies the increased excitability of CA1 neurons associated with LTP[END_REF][START_REF] Orr | Beta-Amyloid inhibits E-S potentiation through suppression of cannabinoid receptor 1-dependent synaptic disinhibition[END_REF] or LTD [START_REF] Kim | Association of mGluR-dependent LTD of excitatory synapses with endocannabinoid-dependent LTD of inhibitory synapses leads to EPSP to spike potentiation in CA1 pyramidal neurons[END_REF].

Control of EPSP amplification

Changes in EPSP amplification represent a powerful mean to alter input-output function in central neurons. Ion channels located in dendrites and in the cell body are activated by EPSPs [START_REF] Magee | Dendritic integration of excitatory synaptic input[END_REF][START_REF] Shah | Cortical HCN channels: Function, trafficking and plasticity[END_REF][START_REF] Spruston | Pyramidal neurons: Dendritic structure and synaptic integration[END_REF]. As a consequence, they shape EPSP waveform by either boosting or attenuating the synaptic response (Fig. 1B). A good example for this is provided by hyperpolarization-activated cyclic nucleotide-gated (HCN) cationic channels responsible for the h-current [START_REF] Magee | Dendritic lh normalizes temporal summation in hippocampal CA1 neurons[END_REF]. These channels are activated at resting membrane potential and attenuate EPSP amplitude through their deactivation. Thus, any modulation of h-channels may increase or decrease EPSP-spike coupling [START_REF] Gastrein | The role of hyperpolarization-activated cationic current in spiketime precision and intrinsic resonance in cortical neurons in vitro[END_REF]. The down-regulation of these channels have been shown to enhance EPSP summation [START_REF] Wang | Bidirectional changes in spatial dendritic integration accompanying long-term synaptic modifications[END_REF] and input-output function [START_REF] Campanac | Downregulation of dendritic I(h) in CA1 pyramidal neurons after LTP[END_REF] following LTP induction. Kv4.2 is another voltagegated ion channel located in the dendrites that attenuates both EPSP amplitude and back-propagating action potentials in distal dendrites [START_REF] Hoffman | K+ channel regulation of signal propagation in dendrites of hippocampal pyramidal neurons[END_REF]. The down-regulation of Kv4.2 channel activity results in enhancement of both EPSP amplitude and local back-propagation [START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF][START_REF] Kim | Regulation of dendritic excitability by activity-dependent trafficking of the A-type K+ channel subunit Kv4.2 in hippocampal neurons[END_REF]. As synaptic plasticity, the modulation of EPSP amplification is generally local as other inputs remain unchanged (Campanac & Debanne, 2008;[START_REF] Wang | Bidirectional changes in spatial dendritic integration accompanying long-term synaptic modifications[END_REF]. EPSPs are also shaped by small conductance calcium-activated K + (SK) channels. Calcium influx through NMDAR has been shown to activate SK channels located in the dendritic spines thus attenuating EPSP amplitude and duration [START_REF] Adelman | Small-conductance Ca 2+ -activated K+ channels: Form and function[END_REF][START_REF] Faber | SK channels regulate excitatory synaptic transmission and plasticity in the lateral amygdala[END_REF][START_REF] Ngo-Anh | SK channels and NMDA receptors form a Ca 2+ -mediated feedback loop in dendritic spines[END_REF]. Interestingly, SK channels are downregulated following stimulation of synaptic metabotropic glutamate receptor subtype 5 (mGluR5) resulting in enhancement of EPSPspike coupling [START_REF] Sourdet | Long-term enhancement of neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor subtype 5[END_REF]. Nevertheless, EPSP-spike coupling in cortical neurons is poorly determined by EPSP amplitude and highly dependent on the rate and the waveform of dendritic EPSPs [START_REF] Larkum | Dendritic mechanisms underlying the coupling of the dendritic with the axonal action potential initiation zone of adult rat layer 5 pyramidal neurons[END_REF]. In cerebellar Purkinje cells, EPSP amplitude has also limited control over cell firing but pharmacological modulation of SK channel and SK-dependent plasticity strongly regulate spike firing [START_REF] Ohtsuki | Synaptic potential and plasticity of an SK2 channel gate regulate spike burst activity in cerebellar purkinje cells[END_REF].

Modulation of spike threshold

Input-output function may also be altered via modulation of ion channels that control the spike threshold (Fig. 1C). Voltage-gated Na + (Nav) and K + (Kv) channels determine the spike threshold [START_REF] Bean | The action potential in mammalian central neurons[END_REF]. Shift of Nav activation towards hyperpolarized values lowers the spike threshold and increases excitability following induction of longterm synaptic potentiation in CA1 pyramidal neurons [START_REF] Xu | Activity-dependent longterm potentiation of intrinsic excitability in hippocampal CA1 pyramidal neurons[END_REF]. Down-regulation of Kv1 channels following chronic activity-deprivation with pharmacological treatment in hippocampal neurons [START_REF] Cudmore | Spike-time precision and network synchrony are controlled by the homeostatic regulation of the D-type potassium current[END_REF] or following cochlea removal in auditory neurons [START_REF] Kuba | Redistribution of Kv1 and Kv7 enhances neuronal excitability during structural axon initial segment plasticity[END_REF], lowers the spike threshold and increases intrinsic excitability. It should be noted that in contrast to change in EPSP amplification, spike-threshold modulation is global since it may affect all incoming inputs.

Modification of resting membrane potential

Change in resting membrane potential (RMP) represents the third manner to modulate input-output function by non-synaptic mechanisms (Fig. 1D). In hippocampal granule cells, high frequency firing induces long-term depolarization (LT-Depol) of their RMP by approximately 8-10 mV [START_REF] Mellor | Mediation of hippocampal mossy fiber long-term potentiation by presynaptic Ih channels[END_REF] that is mediated by a protein kinase A-dependent up-regulation of HCN channels. Whereas the upregulation of HCN channels leads to attenuated EPSP amplitude and therefore to a reduction in intrinsic excitability (see above), the net effect here is however an increased excitability. In fact, the large depolarization of RMP (8-10 mV) largely dominates the excitability reduction caused by the attenuation of excitatory synaptic inputs. Here again, this modulation is global as all inputs will be equally affected. 3. Learning rules for input-output plasticity

Hebbian changes in input-output function

Hebbian synaptic plasticity represents the better described forms of synaptic modifications. According to the Bienenstock Cooper & Munro rule [START_REF] Bienenstock | Theory for the development of neuron selectivity: Orientation specificity and binocular interaction in visual cortex[END_REF], it can be induced homosynaptically by modulation of synaptic frequency [START_REF] Bear | A synaptic basis for memory storage in the cerebral cortex[END_REF][START_REF] Cooper | The BCM theory of synapse modification at 30: Interaction of theory with experiment[END_REF]. Hebbian synaptic modification in the hippocampus and neocortex can also be induced by the degree of correlation between preand postsynaptic activity and is referred to as spike-timing dependent plasticity or STDP [START_REF] Feldman | The spike-timing dependence of plasticity[END_REF]. Both forms of Hebbian plasticity are associated with intrinsic plasticity that are synergistic to the induced synaptic changes [START_REF] Debanne | Plasticity of intrinsic neuronal excitability[END_REF].

In CA1 pyramidal neurons, long-term synaptic potentiation (LTP) is associated with an increased firing probability in response to the tetanized or paired input (Fig. 2A) whereas long-term synaptic depression (LTD) is associated with a decreased firing probability (Fig. 2B) in response to the stimulated input (Campanac & Debanne, 2008;[START_REF] Daoudal | Bidirectional plasticity of excitatory postsynaptic potential (EPSP)-spike coupling in CA1 hippocampal pyramidal neurons[END_REF]. Interestingly, the STDP rule defined for synaptic transmission also applies to EPSP-spike coupling (Fig. 2C). These modification in EPSP-spike coupling are supposed to result from changes in EPSP amplification. In fact, EPSP summation is altered in a synergistic manner with synaptic modifications induced by STDP protocols [START_REF] Wang | Bidirectional changes in spatial dendritic integration accompanying long-term synaptic modifications[END_REF]. Most Hebbian modifications in input-output function require NMDA-receptor activation for their induction and are input-specific, i.e. no modification occurs on control inputs. More recently, brief episodes of firing at 10 Hz in CA3 pyramidal neurons have been shown to enhance input resistance and integration of distal EPSP [START_REF] Hyun | Kv1.2 mediates heterosynaptic modulation of direct cortical synaptic inputs in CA3 pyramidal cells[END_REF]. Hebbian intrinsic plasticity is not specific to hippocampal neurons and long-lasting increase in intrinsic excitability (IE) has been reported in neocortical neurons following synaptic [START_REF] Desai | Early postnatal plasticity in neocortex of Fmr1 knockout mice[END_REF][START_REF] Sourdet | Long-term enhancement of neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor subtype 5[END_REF] or intrinsic [START_REF] Cudmore | Long-term potentiation of intrinsic excitability in LV visual cortical neurons[END_REF][START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF][START_REF] Paz | Multiple forms of activity-dependent intrinsic plasticity in layer V cortical neurones in vivo[END_REF] activation paradigms. Hebbian intrinsic plasticity is also observed in cerebellar neurons. In deep cerebellar nuclei, granule and Purkinje neurons, IE was found to be enhanced in parallel of LTP induced by high frequency stimulation [START_REF] Aizenman | Rapid, synaptically driven increases in the intrinsic excitability of cerebellar deep nuclear neurons[END_REF][START_REF] Armano | Long-term potentiation of intrinsic excitability at the mossy fiber-granule cell synapse of rat cerebellum[END_REF][START_REF] Belmeguenai | Intrinsic plasticity complements long-term potentiation in parallel fiber input gain control in cerebellar Purkinje cells[END_REF]. In all these cases, induction of intrinsic plasticity requires NMDA-receptor activation. Expression mechanisms in cerebellar neurons involve regulation of SK channels [START_REF] Belmeguenai | Intrinsic plasticity complements long-term potentiation in parallel fiber input gain control in cerebellar Purkinje cells[END_REF][START_REF] Ohtsuki | SK2 channel modulation contributes to compartment-specific dendritic plasticity in cerebellar Purkinje cells[END_REF] and HCN channels [START_REF] Shim | Longterm depression of intrinsic excitability accompanied by synaptic depression in cerebellar Purkinje cells[END_REF].

Homeostatic plasticity of input-output function

Hebbian mechanisms are destabilizing as they tend to reinforce active circuits and depress inactive ones. Neural circuits can be stabilized when homeostatic regulation is introduced to adjust both synaptic strength and intrinsic excitability [START_REF] Turrigiano | Homeostatic plasticity in the developing nervous system[END_REF]. Homeostatic plasticity of IE has been originally reported in visual cortical neurons (Desai, Rutherford, & Turrigiano, 1999b) and is today observed in virtually all neuronal types. Chronic activity deprivation induced pharmacologically [START_REF] Cudmore | Spike-time precision and network synchrony are controlled by the homeostatic regulation of the D-type potassium current[END_REF][START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF][START_REF] Karmarkar | Different forms of homeostatic plasticity are engaged with distinct temporal profiles[END_REF][START_REF] Shim | mGlu1 receptor mediates homeostatic control of intrinsic excitability through Ih in cerebellar Purkinje cells[END_REF] or by sensory deprivation [START_REF] Kuba | Redistribution of Kv1 and Kv7 enhances neuronal excitability during structural axon initial segment plasticity[END_REF][START_REF] Maffei | Multiple modes of network homeostasis in visual cortical layer 2/3[END_REF][START_REF] Milshtein-Parush | Sensory deprivation triggers synaptic and intrinsic plasticity in the hippocampus[END_REF] enhances IE. Reduced IE is observed following elevated network activity [START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF][START_REF] Karmarkar | Different forms of homeostatic plasticity are engaged with distinct temporal profiles[END_REF][START_REF] Kirchheim | Regulation of action potential delays via voltage-gated potassium Kv1.1 channels in dentate granule cells during hippocampal epilepsy[END_REF]. Thus, homeostatic plasticity rule is per se anti-Hebbian.

Two ion channels that dampen excitability have been particularly studied in homeostatic regulation of IE: (1) Kv1 channels located in axons of pyramidal neurons which determine spike threshold and intrinsic excitability [START_REF] Rama | The role of axonal Kv1 channels in CA3 pyramidal cell excitability[END_REF], and (2) HCN channels located in the dendrites that dampens all depolarizing events such as EPSPs [START_REF] Magee | Dendritic lh normalizes temporal summation in hippocampal CA1 neurons[END_REF]. Down-regulation of Kv1 channel activity has been identified as a major mechanism for the increased excitability observed in CA3 pyramidal neurons after chronic blockade of glutamate receptors [START_REF] Cudmore | Spike-time precision and network synchrony are controlled by the homeostatic regulation of the D-type potassium current[END_REF] and in auditory neurons following cochlear removal [START_REF] Kuba | Redistribution of Kv1 and Kv7 enhances neuronal excitability during structural axon initial segment plasticity[END_REF]. Conversely, Kv1 channel activity is up-regulated in dentate granule cells following epileptiform activity [START_REF] Kirchheim | Regulation of action potential delays via voltage-gated potassium Kv1.1 channels in dentate granule cells during hippocampal epilepsy[END_REF], indicating that Kv1 channel activity can be bidirectionally adjusted to maintain constant circuit activity. In CA1 pyramidal neurons, h-current is homeostatically regulated following induction of extremely large synaptic modifications [START_REF] Brager | Plasticity of intrinsic excitability during long-term depression is mediated through mGluR-dependent changes in I(h) in hippocampal CA1 pyramidal neurons[END_REF][START_REF] Fan | Activity-dependent decrease of excitability in rat hippocampal neurons through increases in I(h)[END_REF] or following bidirectional chronic manipulation of network activity [START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF].

Homeostatic plasticity is typically induced by persistent modulation of activity lasting few tens of hours [START_REF] Cudmore | Spike-time precision and network synchrony are controlled by the homeostatic regulation of the D-type potassium current[END_REF]Desai et al., 1999b;[START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF][START_REF] Karmarkar | Different forms of homeostatic plasticity are engaged with distinct temporal profiles[END_REF]. However, homeostatic increase in excitability can also be induced by brief stimulation. For instance, in vestibular neurons [START_REF] Nelson | Long-lasting increases in intrinsic excitability triggered by inhibition[END_REF] and cerebellar Golgi cells [START_REF] Hull | Hyperpolarization induces a long-term increase in the spontaneous firing rate of cerebellar Golgi cells[END_REF], a transient hyperpolarization (20-300 sec) results in enhanced IE. In both cases, potentiation of IE requires the down-regulation of BK channel activity. One may notice that in contrast to cortical pyramidal cells that are mostly silent at rest, vestibular or cerebellar neurons correspond to pacemaker cells that fire continuously at frequency ranging between 5 and 10 Hz. Recently, it has been shown that unilateral loss of inner hear triggers rapid potentiation of excitability in vestibular neurons thus enabling adaptive compensatory increases in optokinetic reflex gain [START_REF] Nelson | BK channels are required for multisensory plasticity in the oculomotor system[END_REF].

How can Hebbian and homeostatic intrinsic plasticity be linked together?

Theoretical work suggests that Hebbian and homeostatic plasticity, despite their antagonistic rules, may work hand-in-hand [START_REF] Zenke | Hebbian plasticity requires compensatory processes on multiple timescales[END_REF]. The modulation of HCN channels following induction of synaptic modification provides a good example for such complex interaction. While large LTP (> +200%) is associated with decreased IE due to the up-regulation of HCN channel activity [START_REF] Fan | Activity-dependent decrease of excitability in rat hippocampal neurons through increases in I(h)[END_REF] (Fig. 3A), small LTP (< +100%) is combined with increased IE resulting from down-regulation of HCN channel (Campanac & Debanne, 2008) (Fig. 3B andC). The opposite holds true for LTD. Large LTD (< -50%) results in a HCN-dependent increase in IE [START_REF] Brager | Plasticity of intrinsic excitability during long-term depression is mediated through mGluR-dependent changes in I(h) in hippocampal CA1 pyramidal neurons[END_REF] whereas small LTD (> -30%) results in a HCN-dependent decrease in IE [START_REF] Gasselin | Plasticity of intrinsic excitability during LTD is mediated by bidirectional changes in h-channel activity[END_REF] (Fig. 3D-F). Taken together, these results indicate that IE follows a single plasticity rule linking Hebbian and homeostatic plasticity (Fig. 3G). This multiple regulation of HCN channel implies distinct induction and expression pathways [START_REF] Brager | Plasticity of intrinsic excitability during long-term depression is mediated through mGluR-dependent changes in I(h) in hippocampal CA1 pyramidal neurons[END_REF][START_REF] Fan | Activity-dependent decrease of excitability in rat hippocampal neurons through increases in I(h)[END_REF][START_REF] Gasselin | Plasticity of intrinsic excitability during LTD is mediated by bidirectional changes in h-channel activity[END_REF][START_REF] Santoro | TRIP8b splice variants form a family of auxiliary subunits that regulate gating and trafficking of HCN channels in the brain[END_REF].

Activity-dependent regulation of excitability in GABAergic interneurons

Principal neurons are not the only cell type to express intrinsic plasticity. GABAergic interneurons also display several forms of longterm regulation of IE. High-frequency stimulation of the glutamatergic inputs to dentate basket cells induces LT-Depol of their resting membrane potential that results from calcium-permeable AMPA receptordependent modulation of the Na + /K + ATPase pump [START_REF] Ross | Long-term plasticity in interneurons of the dentate gyrus[END_REF]. Inhibition levels in cortical circuits have been shown to be finely tuned through Kv1-dependent modulation of the spike threshold in basket cells. Neuregulin 1 receptor ErbB4 strongly regulates Kv1 channel activity and intrinsic excitability in parvalbumin positive basket cells (PV-BC) [START_REF] Li | Neuregulin 1 regulates excitability of fast-spiking neurons through Kv1.1 and acts in epilepsy[END_REF]. Synaptic stimulation of mGluR5 induces long-lasting potentiation of IE in PV-BCs that is mediated by the down-regulation of Kv1 channel activity [START_REF] Campanac | Enhanced intrinsic excitability in basket cells maintains excitatory-inhibitory balance in hippocampal circuits[END_REF]. Enhanced excitability in PV-BCs is due to hyperpolarized spike threshold and is thought to compensate enhanced synaptic and intrinsic excitation in pyramidal neurons. Interestingly, the reciprocal modulation of IE has been reported in somatosensory PV interneurons following activity-deprivation [START_REF] Gainey | Rapid disinhibition by adjustment of PV intrinsic excitability during whisker map plasticity in mouse S1[END_REF][START_REF] Sun | Experience-dependent intrinsic plasticity in interneurons of barrel cortex layer IV[END_REF]. Thus, this suggests that Kv1-dependent regulation of neuronal excitability is bidirectional in PV-BC. Most cortical PV interneurons express Er81, a transcription factor highly regulated by activity and involved in the activation pathway of Ca 2+ /calmodulin-dependent kinase I and in the control of levels of Kv1.1 channels in PV interneurons [START_REF] Dehorter | Tuning of fast-spiking interneuron properties by an activity-dependent transcriptional switch[END_REF]. Thus, Er81 level is high in weakly active circuits (corresponding to high levels of Kv1.1 channels) whereas it is low in highly active circuits (corresponding to low levels of Kv1.1 channels). Reduced input resistance has also been reported in fast-spiking interneurons from the dentate gyrus following synaptic stimulations of the mossy-fibers [START_REF] Dasgupta | Calcium permeable AMPA receptor-dependent long lasting plasticity of intrinsic excitability in fast spiking interneurons of the dentate gyrus decreases inhibition in the granule cell layer[END_REF]. This modulation is mediated by HCN channels and depends on activation of calcium-permeable AMPA receptor. Computer simulations indicate that intrinsic plasticity in interneurons robustly modulates both the coherence and frequency of network activity [START_REF] Dasgupta | Heterogeneous network dynamics in an excitatoryinhibitory network model by distinct intrinsic mechanisms in the fast spiking interneurons[END_REF].

Consequences of input-output intrinsic plasticity on induction of synaptic plasticity

Regulation of dendritic conductance may alter induction of synaptic plasticity. For instance, the homeostatic regulation of h-channels not only modulates EPSP summation [START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF][START_REF] Shah | Seizure-induced plasticity of h channels in entorhinal cortical layer III pyramidal neurons[END_REF] but also stabilizes synaptic plasticity rules [START_REF] Gasselin | Homeostatic regulation of h-conductance controls intrinsic excitability and stabilizes the threshold for synaptic modification in CA1 neurons[END_REF][START_REF] Mishra | High-conductance states and A-type K+ channels are potential regulators of the conductance-current balance triggered by HCN channels[END_REF]. Furthermore, the down-regulation of SK channel activity as shown to occur following synaptic activation of mGluR5 [START_REF] Sourdet | Long-term enhancement of neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor subtype 5[END_REF] facilitates LTP induction at cortical [START_REF] Faber | SK channels regulate excitatory synaptic transmission and plasticity in the lateral amygdala[END_REF][START_REF] Jones | Dendritic small conductance calcium-activated potassium channels activated by action potentials suppress EPSPs and gate spike-timing dependent synaptic plasticity[END_REF] and hippocampal [START_REF] Tigaret | Convergent metabotropic signaling pathways inhibit SK channels to promote synaptic plasticity in the hippocampus[END_REF] synapses. Finally, the down-regulation of Kv4 channel activity observed following induction of LTP facilitates locally the back-propagation of the action potential [START_REF] Frick | LTP is accompanied by an enhanced local excitability of pyramidal neuron dendrites[END_REF] and may help to induce LTP associatively at neighboring synapses [START_REF] Chen | Deletion of Kv4.2 gene eliminates dendritic A-type K+ current and enhances induction of long-term potentiation in hippocampal CA1 pyramidal neurons[END_REF].

Molecular mechanisms of input-output plasticity

Expression mechanisms of synaptic plasticity have been extensively studied over the last 30 years and revealed several key features. First, glutamate receptors present at the synapse are phosphorylated by many protein kinases such as CaMKII [START_REF] Herring | Long-term potentiation: from CaMKII to AMPA receptor trafficking[END_REF][START_REF] Lisman | Mechanisms of CaMKII action in longterm potentiation[END_REF] or PKC [START_REF] Sacktor | The genetics of PKMzeta and memory maintenance[END_REF]. Other kinases such as PKA and mTOR are involved respectively in presynaptic LTP [START_REF] Huang | A genetic test of the effects of mutations in PKA on mossy fiber LTP and its relation to spatial and contextual learning[END_REF] and in induction of BDNF-dependent LTP [START_REF] Tang | A rapamycin-sensitive signaling pathway contributes to long-term synaptic plasticity in the hippocampus[END_REF]. Glutamate receptors show a gain in their function when they are phosphorylated (i.e. they generate a larger current upon activation by glutamate). Two protein phosphatases, PP1 or PP2 (calcineurin), occupy a critical position in the induction of synaptic LTD [START_REF] Lisman | A mechanism for the Hebb and the anti-Hebb processes underlying learning and memory[END_REF][START_REF] Winder | Roles of serine/threonine phosphatases in hippocampal synaptic plasticity[END_REF]. Second, synaptic receptors are mobile within the dendritic spine [START_REF] Herring | Long-term potentiation: from CaMKII to AMPA receptor trafficking[END_REF] and insertion of AMPA receptors have been shown to represent a major way to enhance synaptic efficacy [START_REF] Penn | Hippocampal LTP and contextual learning require surface diffusion of AMPA receptors[END_REF].

Many of the key molecular actors identified in synaptic plasticity are also found in intrinsic plasticity. For instance, the phosphorylation of Kv4.2 by PKA and PKC not only reduces the current by shifting activation curve of the A-current [START_REF] Hoffman | Downregulation of transient K+ channels in dendrites of hippocampal CA1 pyramidal neurons by activation of PKA and PKC[END_REF] but it also facilitates internalization of Kv4.2 [START_REF] Kim | Regulation of dendritic excitability by activity-dependent trafficking of the A-type K+ channel subunit Kv4.2 in hippocampal neurons[END_REF], both leading to a loss of function of these channels. CaMKII phosphorylation is required for the homeostatic modulation of HCN channels following LTP induction [START_REF] Fan | Activity-dependent decrease of excitability in rat hippocampal neurons through increases in I(h)[END_REF]. BDNF determines homeostatic plasticity of intrinsic excitability (Desai, Rutherford, & Turrigiano, 1999a). Regulation of Kv1 channels has been shown to depend on mTOR [START_REF] Campanac | Enhanced intrinsic excitability in basket cells maintains excitatory-inhibitory balance in hippocampal circuits[END_REF][START_REF] Raab-Graham | Activity-and mTORdependent suppression of Kv1.1 channel mRNA translation in dendrites[END_REF]. Calcineurin is involved in both the homeostatic dispersion of Kv2.1 [START_REF] Misonou | Regulation of ion channel localization and phosphorylation by neuronal activity[END_REF] following chronic excitation and the relocation of the axon initial segment [START_REF] Evans | Calcineurin signaling mediates activity-dependent relocation of the axon initial segment[END_REF].

Input-output intrinsic plasticity in vivo

Most of the recent advances in understanding induction and expression mechanisms of intrinsic plasticity come from in vitro studies. A large bundle of papers has been devoted to the search for changes in cellular excitability correlated with learning and memory in the mammalian brain. Learning-driven changes in neuronal excitability have been reported following classical conditioning, fear conditioning or spatial exploration in hippocampal, cerebellar and cortical neurons. Active neurons during conditioning display in vitro excitability in conditioned animals that is significantly higher than in naïve or pseudoconditioned animals [START_REF] Disterhoft | Conditioning-specific membrane changes of rabbit hippocampal neurons measured in vitro[END_REF][START_REF] Oh | Watermaze learning enhances excitability of CA1 pyramidal neurons[END_REF][START_REF] Santini | Fear conditioning and extinction differentially modify the intrinsic excitability of infralimbic neurons[END_REF][START_REF] Schreurs | Dendritic excitability microzones and occluded long-term depression after classical conditioning of the rabbit's nictitating membrane response[END_REF]. Because of population analysis used in most of these studies, changes in excitability of physiologically characterized neurons in vivo remain uncertain.

The gap has been filled more recently with studies of intrinsic excitability in single cortical neurons before and after cellular conditioning [START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF][START_REF] Paz | Multiple forms of activity-dependent intrinsic plasticity in layer V cortical neurones in vivo[END_REF]. Increased or decreased excitability has been observed in rat motor cortical neurons following repeated bursting at 30 Hz [START_REF] Paz | Multiple forms of activity-dependent intrinsic plasticity in layer V cortical neurones in vivo[END_REF] or at 10 Hz [START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF]. These regulation in excitability involved either shift in input-output curves, or modulation of spike-threshold by ~2 mV [START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF]. Interestingly, the polarity of the intrinsic change was related to the neuron firing rate in control conditions [START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF], suggesting that intrinsic changes rather act as a homeostatic mechanism.

Conclusion and perspective

Synaptic plasticity has been extensively studied over the last 30 years but it appears to represent only a portion of functional plasticity. Striking progress has been made these recent years in understanding learning rules and in identifying expression mechanisms of intrinsic plasticity. Intrinsic plasticity is bidirectional, induced in parallel to synaptic plasticity and has been shown to be expressed at nearly all cellular types. Many different ion channels involved in intrinsic plasticity have been identified. But many questions are still pending. For example, most if not all studies reported in this review comes from in vitro works. Only a handful of in vivo studies devoted to intrinsic plasticity has been reported with physiologically realistic induction protocols [START_REF] Mahon | Bidirectional plasticity of intrinsic excitability controls sensory inputs efficiency in layer 5 barrel cortex neurons in vivo[END_REF][START_REF] Paz | Multiple forms of activity-dependent intrinsic plasticity in layer V cortical neurones in vivo[END_REF]. Further studies must be performed to monitor IE in cortical or cerebellar neurons during the acquisition of a simple behavioral task. To reach this aim, new methods and experimental tools will have to be developed. Synaptic and intrinsic changes occur often in parallel. Dissection of the respective contribution of synaptic and intrinsic plasticity in the modulation of synaptic circuits is another challenge for the next years that will require development of new strategies. What are the mechanisms behind the tight link between synaptic and intrinsic changes? New imaging methods will have to be developed to simultaneously follow the trafficking of synaptic receptors and ion channels following induction of plasticity. The future will probably help to answer all these questions.
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 1 Fig. 1. Multiple mechanisms of input-output plasticity. (A) Synaptic contribution to input-output modulation. Potentiation of synaptic transmission through an increase in transmitter release and/or postsynaptic receptor density is characterized by an enhanced excitatory post-synaptic current (EPSC). At the axon initial segment (AIS), the excitatory post-synaptic potential (EPSP) becomes large enough to cross the action potential (AP) threshold. As synaptic strength is regulated, EPSP slope is enhanced. (B) Change in EPSP amplification. When dendritic HCN or Kv4 channels (green) are regulated, the resulting EPSP is amplified and crosses the spike threshold. Note that here the synaptic current (EPSC) is kept constant to clearly distinguish intrinsic from synaptic changes and the initial EPSP slope remains unchanged. These first two modifications (A & B) are local because they do not affect all synaptic inputs. (C) Change in spike threshold. Spike firing increases as a result of hyperpolarization of AP threshold by the regulation of voltage-gated ion channels (Nav or Kv1) located at the AIS. Here again, the excitatory synaptic current (EPSC) remains unchanged. (D) Depolarization of resting membrane potential. Following modulation of voltage-gated channels (HCN) or ion pumps (Na/K ATPase), the resting membrane potential of the neuron is depolarized. Thus, an action potential is now trigged by the EPSP. The synaptic current (EPSC) remains unchanged. These last two modifications (C & D) are global because they may affect all synaptic inputs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2 .Fig. 3 .

 23 Fig.2. Input-output plasticity after STDP induction. A. Induction of LTP by positive pairing (PP, see inset). Left, time-course of the EPSP slope measured on individual responses in a single experiment (delay: +12 ms). Right, facilitation of input-output function in the same cell (EPSP-spike (or E-S) potentiation). Plot of the firing probability as a function of EPSP slope before (black) and after LTP induction (red). B. Induction of LTD by negative pairing (NP) with a delay of -6 ms. Left, timecourse of LTD. Right, depression of the input-output function (EPSP-spike (or E-S) depression). Plot of the firing probability as a function of EPSP slope before (black) and after LTD induction (green). C. STDP rules for synaptic transmission (left) and for EPSP-spike plasticity (right). Adapted fromCampanac and Debanne (2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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