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In central neurons, sodium channels (NaChs) set the threshold for action potential (AP) generation and are therefore crucial in the control of neuronal excitability. Although early studies indicated that NaChs were not subject to modulation (reviewed in [START_REF] Cantrell | Neuromodulation of Na + channels: an unexpected form of cellular plasticity[END_REF], there is now growing evidence showing that NaChs are regulated upon activation of several receptors such as muscarinic acetylcholine [START_REF] Cantrell | Muscarinic modulation of sodium current by activation of protein kinase C in rat hippocampal neurons[END_REF], dopamine [START_REF] Cantrell | Dopaminergic modulation of voltage-gated Na + current in rat hippocampal neurons requires anchoring of cAMP-dependent protein kinase[END_REF][START_REF] Cantrell | Neuromodulation of Na + channels: an unexpected form of cellular plasticity[END_REF], serotonin [START_REF] Carr | Serotonin receptor activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein kinase C-dependent modulation[END_REF][START_REF] Carr | Transmitter modulation of slow, activity-dependent alterations in sodium channel availabililty endows neurons with a novel form of cellular plasticity[END_REF] and tyrosine kinase-associated receptors [START_REF] Hilborn | Growth factor receptor tyrosine kinases regulate neuronal sodium channels through the Src signaling pathway[END_REF][START_REF] Ratcliff | A sodium channel signaling complex: modulation by associated receptor protein tyrosine phosphatase β[END_REF]. Most of these regulations are mediated by phosphorylation of the intracellular loops of the α-subunit of the NaCh. NaChs are down-regulated in central neurons by phosphorylation on serine/threonine residues by cAMP-dependent protein kinase (PKA) and protein kinase C (PKC) [START_REF] Sigel | Activation of protein kinase C differentially modulates neuronal Na + , Ca 2+ and γ -aminobutyrate type A channels[END_REF][START_REF] Numann | Functional modulation of brain sodium channels by protein kinase C phosphorylation[END_REF][START_REF] Li | Functional modulation of brain sodium channels by cAMP-dependent phosphorylation[END_REF][START_REF] Cantrell | Dopaminergic modulation of sodium current in hippocampal neurons via cAMP-dependent phosphorylation of specific sites in the sodium channel α subunit[END_REF][START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF]. Furthermore, the sodium current mediated by Na v 1.6, the major sodium channel isoform at nodes of Ranvier in myelinated axons, is down-regulated by p38 mitogen-activated protein kinase [START_REF] Wittmack | Voltage-gated sodium channel Nav1.6 is modulated by p38 mitogen-activated protein kinase[END_REF]. Finally, Ca 2+ /calmoduline-dependent kinase II regulates NaCh activity [START_REF] Carlier | Na + channel regulation by calmodulin kinase II in rat cerebellar granule cells[END_REF].

Although several neurotransmitters modulate NaCh activity through G-protein signalling cascades or direct G-protein interaction, the effects of glutamate have surprisingly not yet been considered in central neurons. Group I metabotropic glutamatergic receptors (mGluRs) (mGluR1 and mGluR5) stimulate phosphatidylinositol diphosphate hydrolysis and intracellular Ca 2+ release that leads to the activation of PKC [START_REF] Conn | Pharmacology and functions of metabotropic glutamate receptors[END_REF]. Thus, activation of group I mGluRs may also regulate NaCh activity. Activation of group I mGluRs increases cortical excitability [START_REF] Charpak | Potassium conductances in hippocampal neurons blocked by excitatory amino-acid transmitters[END_REF]) and prolongs epileptiform bursts [START_REF] Merlin | Role of group I metabotropic glutamate receptors in the patterning of epileptiform activities in vitro[END_REF][START_REF] Merlin | Differential roles for mGluR1 and mGluR5 in the persistent prolongation of epileptiform bursts[END_REF]. Classically, this enhanced neuronal excitability is thought to be mediated by the regulation of a wide range of K + , Ca 2+ and cationic currents [START_REF] Anwyl | Metabotropic glutamate receptors: electrophysiological properties and role in plasticity[END_REF]. However, it is still unknown whether the mGluR-dependent increment in excitability could be mediated by regulation of NaCh activity.

We investigated here the consequence of specific mGluR stimulation on NaCh activity in acutely dissociated neocortical pyramidal neurons and in L5 pyramidal neurons recorded in neocortical slices. We show that activation of mGluR1 regulates I NaT and I NaP in neocortical pyramidal neurons via a PKC-dependent mechanism. In the presence of an mGluR1 agonist, steady-state inactivation of I NaT increased producing a reduction of I NaT whereas I NaP was facilitated via a leftward shift in its activation. In order to determine the net effect of these processes on neuronal excitability we used the fast dynamic-clamp (FDC) technique to reproduce independently modulation of G NaT or G NaP . We show here that the net effect is a reduction of the first spike latency associated with the suppression of repetitive firing. Functionally, the mGluR1-dependent regulation of Na + current might constitute a novel mechanism of homeostatic regulation acting during regimes of high synaptic activity.

Methods

Acute dissociation of cortical neurons

Most voltage-clamp recordings were obtained from isolated cortical neurons. Cortical slices (350 μm) were obtained from postnatal day 11-18 Wistar rats, as described elsewhere [START_REF] Sourdet | Long-term enhancement of neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor subtype 5[END_REF]. All experiments were carried out according to the European and institutional guidelines for the care and use of laboratory animals (Council Directive 86/609/EEC and French National Research Council). Rats were deeply anaesthetized with chloral hydrate (intraperitoneal, 200 mg kg -1 ) and killed by decapitation. Slices were cut in an ice-cold solution containing (mm): 280 sucrose, 26 NaHCO 3 , 10 d-glucose, 10 MgCl 2 , 1.3 KCl, 1 CaCl 2 , and were bubbled with 95% O 2 -5% CO 2 , pH 7.4. Slices recovered (1 h) in a solution containing (mm): 125 NaCl, 26 NaHCO 3 , 3 CaCl 2 , 2.5 KCl, 2 MgCl 2 , 0.8 NaH 2 PO 4 , 10 d-glucose, oxygenated and the pH adjusted to 7.4 with 95% O 2 -5% CO 2 . The slices were transferred to a treatment chamber containing pronase E (Sigma protease type XIV, 1.0 mg ml -1 ) and (mm): 114 NaCl, 1 CaCl 2 , 1 NaH 2 P0 4 , 8 MgCl 2 , 2.5 KCl, 20 glucose, 10 Hepes, 2 kynurenic acid, pH 7.3-7.4. Neurons were mechanically dissociated in a solution containing (mm): 140 Na-isothionate, 2 KCl, 4 MgCl 2 , 0.1 CaCl 2 , 23 glucose, 15 Hepes, 1 kynurenic acid, pH 7.3-7.4. The cell suspension was placed in recording solution and transferred to the stage of the microscope. Pyramidal-like neurons with short neurites were selected for this study. Electrophysiological recordings were performed at 22-27 • C. Recordings of fast-inactivating sodium current (I NaT ) were performed with a reduced external Na + concentration to minimize the impact of eventual series-resistance induced errors [START_REF] Huguenard | Developmental changes in Na + conductances in rat neocortical neurons: appearance of a slowly inactivating component[END_REF]. The external solution contained (mm): 10 NaCl, 110 mm choline chloride, 20 tetraethylammonium (TEA)-Cl, 2 MgCl 2 , 1.3 CaCl 2 , 3 KCl, 0.4 CdCl 2 , 0.3 NiCl 2 , 2 kynurenic acid, 10 glucose and 10 Hepes (pH 7.3-7.4). Pipettes were filled with an intracellular solution containing (mm): 75 CsF, 55 CsCl, 1 MgCl 2 , 10 EGTA, 10 Hepes, 3 Na 2 ATP, 10 phosphocreatine and 20 unit ml -1 creatinine phosphokinase, pH 7.3. In the whole-cell configuration, the access resistance was 4.6 ± 0.2 M (n = 33). Whole-cell currents were recorded with an Axopatch 200A (Axon Instruments), low-pass filtered at 4 kHz and sampled at 20 kHz. Capacitance transients were cancelled and series resistances were compensated (> 80%). Remaining capacitance and leak currents were subtracted with an on-line P/4 protocol. The voltage control was considered to be adequate when the latency of the peak Na + current did not vary more than 1 ms at the activation threshold and when the activation was a continuous function of voltage [START_REF] Huguenard | Developmental changes in Na + conductances in rat neocortical neurons: appearance of a slowly inactivating component[END_REF]. In all other cases, the recordings were not considered for the final analysis. Persistent sodium currents were recorded with a normal external Na + concentration (120 mm Na + ; 0 mm choline chloride). Data acquisition and analysis were controlled by pCLAMP8 software (Axon Instruments).

Recordings from L5 pyramidal neurons

All current-clamp and dynamic-clamp recordings were obtained from L5 pyramidal neurons in slices. Cortical slices (350 μm) were prepared as described above. Each slice was transferred to a submerged chamber mounted on an upright microscope. L5 pyramidal neurons were visualized using DIC infrared videomicroscopy. Whole-cell recordings were made at room temperature (22-25 • C). Patch pipettes (8-10 M ) were filled with the following solution (mm): 120 K-gluconate, 20 KCl, 10 Hepes, 0.5 EGTA, 2 Na 2 ATP and 2 MgCl 2 , pH 7.4. Recordings were made with appropriate bridge and capacitance compensation (series resistances: 15-30 M ). The external solution contained (mm): 125 NaCl, 26 NaHCO 3 , 3 CaCl 2 , 2 MgCl 2 , 2.5 KCl, 0.8 NaH 2 PO 4 10 d-glucose and was equilibrated with 95% O 2 -5% CO 2 . Kynurenate (2 mm) and picrotoxin (100 μm) were applied to block excitatory and inhibitory synaptic events. Pharmacologically isolated Na + action potentials were recorded in the presence of 200 μm NiCl 2 , 200 μm CdCl 2 , 2 mm 4-AP and 20 mm TEA.

Analog signals were low-pass filtered at 3 kHz and acquisition of 800 ms sequences was performed at 12 kHz. In current-clamp recordings, trials with membrane potential fluctuation greater than 1 mV were discarded. Pooled data are expressed as means ± s.e.m. and statistical significance was accepted at the P < 0.05 level in various tests.

Drugs

1S,3R-Aminocyclopentane-1,3-dicarboxylate (1S,3R-ACPD), (R,S)-2-chloro-5-hydroxyphenyl glycine (CHPG) (S)-3,5-dihydroxyphenylglycine (DHPG), 2-methyl-6-phenylethynyl-pyridine (MPEP), (+)-2methyl-4-carboxy-phenyl-glycine (LY367385), 7-(hydroxyimino)cyclopropal(b)chromen-1a-carboxylate ethyl ester (CPCCOEt), and R(-)-1-amino-2,3dihydro-1H-indene-1,5-dicarboxylic acid (AIDA) were purchased from Tocris Cookson, Inc. Bisindolylmaleimide I (Bis-I), picrotoxin, kynurenate, TEA, 4-AP, NiCl 2 and CdCl 2 were obtained from Sigma. Tetrodotoxin (TTX) was purchased from Latoxan. The protein kinase C inhibitor peptide 19-36 was obtained from Calbiochem.

Description of Na + channel gating with an HH-type model

Equations describing the voltage dependence of G NaT were based on a deterministic Hodgkin-Huxley model with three variables which obey first order kinetics. m, h and s are the gating particle for activation, and fast and slow inactivation, respectively. The transient Na + current is given by:

I NaT = G NaT (V m -E Na )
where V m is the membrane potential, E Na is the equilibrium potential for Na + (E Na = +15 mV in Figs 4 and 5 and E Na = +50 mV in dynamic-clamp experiments, Fig. 6), and G NaT is the transient Na + conductance:

G NaT = G NaTmax m 3 hs
The activation and fast inactivation time constants were determined by fitting experimental Na + currents recorded in three cells with the function:

I = A(1 -exp(-t/τ m )) 3 exp(-t/τ h ) where A = G NaTmax m ∞ 3 h(0)
, and τ m and τ h are the activation and inactivation time constants, respectively (see online Supplemental material Fig. 1 for details). Activation and inactivation curves were fitted with the Boltzmann function:

1/(1 + exp((V -V 1/2 )/k)).
where V 1/2 is the potential at which the value of the function is 0.5 and k is the slope of the Boltzmann function. For activation, V 1/2 = -37 mV and k = -5.2, and for inactivation, V 1/2 = -55 mV and k = 6.9.

For x = {m, h, s} dx/dt = α x (1 -x) -β x x x ∞ = α x /(α x + β x ) τ x = 1/(α x + β x ) α m = 0.55(V + 37)/(1 -exp(-(V + 37)/5.2))
β m = 0.55(V + 37)/(exp(((V + 37)/5.2) -1) α h = 0.015(V + 55)/(exp((V + 55)/6.9) -1)

β h = 0.015(V + 55)/(1 -exp(-(V + 55)/6.9))
The coefficients 0.55 and 0.015 were adjusted to fit the experimental decay.

The variable s accounted for the slow inactivation of the Na + current observed experimentally. s was described by the following equations (adapted from [START_REF] Fleidervish | Slow inactivation of Na + current and slow cumulative spike adaptation in mouse and guinea-pig neocortical neurons in slices[END_REF]:

α s = 0.01 exp((-85 -V )/30) β s = 0.034/(exp((-17 -V )/10) + 1)
G NaP was modelled by the equation:

G NaP = G NaPmax m P 3
The gating particle, m P was directly described by the equation:

m P (V ) = 1/(1 + exp[-(V -V P,1/2 )/k P ])
with V P,1/2 = -48 mV and k P = 3.3 determined experimentally.

In order to avoid bursting behaviour caused by the reduction of Na + -dependent K + currents due to TTX [START_REF] Bhattachardjee | For K + channels, Na + is the new Ca 2+[END_REF], a delayed rectifier voltage-gated potassium conductance was added. This delayed rectifier was introduced by the following equations [START_REF] Fleidervish | Slow inactivation of Na + current and slow cumulative spike adaptation in mouse and guinea-pig neocortical neurons in slices[END_REF]:

I K = G K n 4 (V m -E K )
where the equilibrium potential for K

+ (E K ) = -90 mV. dk/dt = α k (1 -k) -β k k k ∞ = α k /(α k + β k ) τ k = 1/(α k + β k ) α K = 0.034(V + 45)/(1 -exp(-(V + 45)/5)) β K = 0.54 exp((-75 -V )/40)

Dynamic clamp

To add artificial I Na conductance to real L5 neurons, a fast dynamic-clamp (FDC) system was developed [START_REF] Kullmann | Implementation of a fast 16-bit dynamic clamp using LabView-RT[END_REF][START_REF] Prinz | The dynamic clamp comes of age[END_REF]. The system consisted of an embedded processor (National Instruments 8176, 1.26 GHz Pentium II processor, 128 MB RAM, 15 GB Fast ATA 100 hard disk) with real time operating system which was programmed and controlled from a host PC with the graphical programming language LabView-7-Express containing the LabView Real-Time module. The feedback loop (F = 38 kHz) continuously read the membrane potential V from the Axoclamp 2B, computed G NaT and generated an output, I NaT according to the equation: module (NI PXI-7831R) allowed monitoring of V and generation of I NaT . The access speed of analog-digital and digital-analog conversions on the input/output module was optimized by a field-programmable gate array (FPGA).

I NaT = G NaT (V -E Na ). A reconfigurable I/O A C Time (min)
To minimize calculations during the calculation loop, specific arrays of τ x (V ), x ∞ (V ) and A x (V ) = 1exp( t/τ x ) were initialized with a resolution of 0.1 mV. For a given voltage, corresponding values of τ x (V ), x ∞ (V ) and A x (V ) were obtained by linear interpolation from the array. The numerical integration based on Euler's method involved a simple linear extrapolation of the gating variable given by the equation:

x k+1 = x k + (x ∞ -x k )A x
Similar operations were performed to inject G NaP and G K for which specific arrays of m P (V ) and n(V ) were generated with a resolution of 0.1 mV.

An Axoclamp 2B amplifier (Axon Intruments) was used for dynamic-clamp experiments. To avoid series resistance artifacts, dual current-clamp whole-cell recordings were made, allowing us to separate the current-feeding from the whole-cell recording electrode [START_REF] Lien | Kv3 potassium conductance is necessary and kinetically optimized for high-frequency action potential generation in hippocampal interneurons[END_REF]. Only recordings with series resistance < 25 M (mean 13 ± 4 M ) were kept for further analysis.

Endogenous Na + currents were blocked with 0.1-0.2 μm TTX and the transient and persistent components of the Na + conductance were simulated with the FDC. The maximal conductances G NaTmax , G NaPmax and G Kmax were adjusted to reproduce the firing behaviour of the neuron. The values of G NaTmax , G NaPmax and G Kmax were on average 3100 ± 177 nS, 3.7 ± 0.3 nS and 120 ± 16 nS (n = 5). An external digital device (microcontroller PIC-16F876A (Microchip ® )) was used to facilitate the adjustment of the values of G NaTmax , G NaPmax , G Kmax , τ h (inactivation of G NaT ) and τ mP (activation of G NaP ) during the experiment. Thus, digitized values of these variables were directly read in real time by the I/O module.

Results

Down-regulation of the transient sodium current (I NaT ) by mGluR1

Whole-cell patch-clamp recordings were obtained from acutely dissociated pyramidal neurons (ADPNs) to study the fast inactivating sodium current (I NaT ). In this case, voltage-clamp recordings were obtained with a reduced external Na + concentration. Bath application of the mGluR1/5 agonist DHPG produced a partially reversible reduction in the peak amplitude of I NaT evoked by a step from a holding potential of -70 mV to a command potential of -20 mV (Fig. 1A). This reduction was dose dependent, yielding an EC 50 of 54 μm (see Supplemental material Fig. 2). At saturating concentrations (150 μm), the mean inhibition was -38 ± 9% (n = 10, paired t test, P < 0.001, Fig. 1B). In control cells, I NaT was stable for the duration of the recording (97 ± 1% of the control amplitude at +10 min, n = 8, paired t test P > 0.2, Fig. 1B). Glutamate similarly reduced the amplitude of I NaT recorded in ADPNs (-13 ± 6%, 2989 ± 789 pA vs. 2598 ± 718 pA in the presence of 5 mm glutamate, n = 6, P < 0.02; Fig. 1C). Reduction of I NaT was also induced by mGluR activation in L5 pyramidal neurons recorded in acute slices of the sensori-motor cortex. Bath application of DHPG (150 μm) induced a reduction of I NaT (-18 ± 5%, n = 3 paired t test P < 0.01, Fig. 1D).

The regulation of the transient sodium current had visible effects on the action potential waveform recorded from pyramidal neurons in situ. DHPG (150 μm) decreased the rate of depolarization of the spike (maximal dV /dt: 173 ± 40 mV ms -1 in control vs. 122 ± 27 mV ms -1 in DHPG, n = 6, paired t test P < 0.01) and reduced its amplitude (83 ± 3 mV in control vs. 76 ± 4 mV in DHPG, n = 6, paired t test, P < 0.01; Fig. 2).

DHPG is an agonist of both mGluR1 and mGluR5. Thus, we characterized in ADPN the mGluR subtype involved in this regulation. No inhibition of I NaT was observed when DHPG (75 μm) was applied in the presence of the mGluR1 antagonists LY367385 (150 μm, -2 ± 4%, n = 9, paired t test P > 0.2), CPCCOEt (50 μm, 13 ± 4%, n = 6, paired t test P < 0.001) and AIDA (100 μm, 11 ± 8%, n = 5, paired t test P > 0.2, Fig. 3A). We next determined the contribution of mGluR5. In contrast to the preceding results, DHPG (75 μm) applied in the presence of the selective mGluR5 antagonist MPEP (10 μm) induced a significant inhibition of I NaT (-23 ± 5%, n = 5, paired-t test P < 0.02). To further confirm that the reduction of I NaT was not due to the activation of mGluR5, we tested the effect of the selective mGluR5 agonist CHPG. Even high concentrations of CHPG (500 μm) did not induce any reduction of the peak current (6 ± 7% n = 8, paired t test P > 0.2, Fig. 3B). The lack of effect was not due to the inefficiency of the mGluR5 agonist. CHPG had a significant impact on the intrinsic excitability of L5 pyramidal neurons and increased the spike number elicited by current pulses (127 ± 13%, n = 3 with 100 μm CHPG and 143 ± 8% with 200 μm CHPG, n = 3, Supplemental material Fig. 3). We thus conclude that the down-regulation of I NaT is mediated by mGluR1. It is well established that mGluR1 stimulation leads to activation of protein kinase C [START_REF] Conn | Pharmacology and functions of metabotropic glutamate receptors[END_REF]. NaChs contain consensus sequences for PKC phosphorylation that lead to a decrease in I NaT [START_REF] Cantrell | Neuromodulation of Na + channels: an unexpected form of cellular plasticity[END_REF]. The application of DHPG (150 μm) in the presence of the broad spectrum PKC antagonist BIS-I (1 μm) had virtually no effect on I NaT recorded in ADPNs (-7 ± 2%, n = 4, paired t test P > 0.05; Fig. 3C). Furthermore, when neurons were recorded with the PKC inhibitory peptide 19-36 in the patch pipette (4 μm) DHPG had no effect on transient currents evoked by a step from -70 mV to -20 mV (1039 ± 188 pA in control vs. 1086 ± 235 pA, n = 4, paired t test P > 0.2). Thus, the down-regulation of I NaT current induced by mGluR1 is mediated by the activation of PKC.

Activation of mGluR1 induces a negative shift in I NaT inactivation

In order to identify the biophysical process underlying the reduction of I NaT , we next characterized the effects of DHPG on steady-state activation and inactivation. In the presence of DHPG (150 μm), the peak current amplitude recorded in ADPN was reduced (Fig. 4A) but the activation curves in control and in the presence of DHPG were virtually identical (Fig. 4B), indicating that stimulation of mGluR1 does not change steady-state activation.

Inactivation was tested by stepping from potentials between -120 mV and -10 mV (prepulse duration of 100 ms) to -20 mV. A negative shift in inactivation was observed in the presence of DHPG (Fig. 4C). In fact, DHPG reduced the peak current evoked by a voltage step to -20 mV when the holding potential (V H ) was -50 mV (1254 ± 380 pA vs. 692 ± 218 pA in the presence of DHPG, n = 6 cells) but no significant reduction was observed when inactivation was removed by setting V H to -120 mV (2382 ± 648 pA vs. 2350 ± 705 pA in the presence of DHPG, n = 6 cells). Half-inactivation was obtained for a mean potential of -53.8 mV in control conditions and -63.3 mV in the presence of DHPG (the DHPG-induced shift of V 1/2 ranged between -4 and -12 mV, n = 6). To further confirm that this shift could underlie the decrease in peak amplitude, G NaT was modelled (see Methods). The model showed that a leftward shift in the inactivation from -55 to -64.5 mV was associated with a 25% reduction of I NaT amplitude (Fig. 4D). We conclude that the DHPG-induced decrease in the amplitude of I NaT is mainly mediated by a negative shift of the inactivation curve.

DHPG regulates I NaP

In neocortical pyramidal neurons, persistent Na + current (I NaP ) controls excitability and excitatory postsynaptic potential (EPSP) amplification [START_REF] Schwindt | Amplification of synaptic current by persistent sodium conductance in apical dendrite of neocortical neurons[END_REF][START_REF] Stuart | Amplification of EPSPs by axosomatic sodium channels in neocortical pyramidal neurons[END_REF]. The narrow window of potential between activation and inactivation curves of I NaT generates a persistent current usually called the 'window current' (I NaPW ). This current represents nearly a third of the total I NaP (Magistretti & Alonso, 1999;[START_REF] Maurice | D1/D5 dopamine receptor activation differentially modulates rapidly inactivating and persistent sodium currents in prefrontal cortex pyramidal neurons[END_REF]. Since DHPG shifts the inactivation Upper traces, families of Na + currents recorded with a reduced Na + gradient in control and in the presence of DHPG (150 μM). Lower graph, current-voltage plots in control ( e ) and in the presence of DHPG (•). Inset, normalized activation curves in control (V 1/2 = -37.4 mV; slope factor: 3.1 mV/e-fold) and the presence of DHPG (V 1/2 = -36.8 mV and k = 3.9 mV/e-fold). B, pooled data over 5 cells. Plot of I NaT activation curves under control conditions ( e , V 1/2 = -33 mV, slope factor: 4.7 mV/e-fold) and in the presence of DHPG (•, V 1/2 = -31 mV, slope factor: 4.6 mV/e-fold). C, effect of DHPG on steady-state inactivation of I NaT recorded with a reduced gradient. DHPG shifted the voltage dependence of steady-state inactivation to more negative values. Half-inactivation was obtained for a holding potential of -53.8 mV in control ( e , slope factor: -6.4 mV/e-fold) vs. -63.3 mV in the presence of DHPG (•, slope factor: -8.0 mV/e-fold). D, model of the transient Na + conductance (G NaTmax = 1 nS, in this case, E Na = +15 mV). Upper graph, theoretical inactivation curves; lower graph, I-V curves. A 25% reduction of the peak current amplitude is produced when the steady-state inactivation is shifted by -9.5 mV.

curve of I NaT towards negative values without changing the activation, I NaPW amplitude might be affected. Indeed, model shows that G calculated as the product of the activation and steady-state inactivation functions was dramatically reduced when inactivation was shifted by 9.5 mV (Fig. 5A).

We next determined whether DHPG also reduced I NaP in ADPNs. I NaP was evoked by a depolarizing ramp (Fig. 5B). This current was totally blocked by TTX, indicating that it was mediated by NaChs. The maximal amplitude of G NaP amounted to 0.62 ± 0.04 nS (n = 36). The addition of 150 μm DHPG induced a consistent leftward shift of the voltage dependence of I NaP . Half-maximal activation was obtained for a potential of -48.2 mV in control and -54.7 mV in the presence of DHPG (n = 7). An increase in the current amplitude was observed between -60 and -50 mV. This current was totally blocked by TTX and thus did not correspond to the TTX-resistant inward voltage-gated current described by [START_REF] Chuang | group I mGluR activation turns on a voltage-gated current in hippocampal pyramidal cells[END_REF]. In contrast to model predictions on G NaPW , the peak amplitude of I NaP was not significantly reduced but the current was depressed at -40 mV, suggesting that DHPG depressed the window current but facilitated activation of the non-window current. In the presence of the mGluR1 agonist LY367385 (150 μm), DHPG (75 μm) produced no effect on the activation of I NaP (-47.3 ± 0.8 mV vs. V 1/2 = -45.0 ± 1.2 mV n = 4 in control; P > 0.1, data not shown). Furthermore, CHPG (500 μm) had no effect on the activation of I NaP (V 1/2 = -51.5 ± 1.1 mV in control and -51.4 ± 0.9 mV in the presence of CHPG, n = 4, P > 0.1), indicating that the observed regulation of I NaP was mediated by mGluR1.

If activation of I NaP is facilitated by DHPG, then excitability should be enhanced. Pharmacologically isolated Na + APs were elicited by slow depolarizing ramps of current in L5 pyramidal neurons recorded in neocortical slices. DHPG (150 μm) produced an increase in the amplitude of the spike prepotential preceding the AP and subsequently reduced its latency (84 ± 5% of the control latency, n = 4, Fig. 5C). These data confirm that DHPG facilitates activation of I NaP and enhances intrinsic excitability.

We next tested whether regulation of I NaP was also mediated by activation of PKC in ADPN. Neither change in I NaP amplitude nor change in its activation curve was observed in the presence of the PKC-inhibitor, BIS-I (Fig. 5D). We conclude that both the reduction of I NaT and the leftward shift in the activation of I NaP are mediated by a signalling cascade involving the activation of PKC.

Net functional effect on intrinsic excitability

The mGluR1-induced reduction of I NaT might decrease intrinsic excitability whereas the facilitation of I NaP should have opposite effects. The resulting change in excitability is rather difficult to determine experimentally since mGluR1 also regulates a wide variety of K + channels that may in turn also regulate neuronal excitability. We took advantage of the FDC technique to reproduce the regulation of I NaT and I NaP independently while other voltage-gated currents remained virtually unchanged. Double whole-cell recordings were obtained from the soma of L5 pyramidal neurons in slices. Endogenous NaChs were blocked with TTX (100-200 nm) and G NaT and G NaP were simulated with the FDC. G K was added to reduce bursting behaviour caused by the reduction of Na + -dependent K + currents due to TTX (Fig. 6A andB).

In our model, I NaPW produced a persistent component that contributed 1.3% of the maximal transient component (Fig. 4A). However, G NaPW represents only a fraction of G NaP evoked by voltage ramps (Magistretti & Alonso, 1999;[START_REF] Maurice | D1/D5 dopamine receptor activation differentially modulates rapidly inactivating and persistent sodium currents in prefrontal cortex pyramidal neurons[END_REF]) and in contrast with G NaP , G NaPW is not activated by voltages more depolarized than 0 mV. Thus, a non-window persistent component (G NaP ) was added in the model used for the FDC. This additional component varied between 0.1 and 0.2% of the maximal transient component (3.7 ± 0.3 nS, n = 5). A lower maximal conductance was found in ADPNs (0.6 nS) probably because the dissociation had considerably reduced the membrane area and subsequently the number of NaChs.

Depolarizing steps of current were applied to elicit three to four APs. The leftward shift of the activation of the simulated G NaP by 6.5 mV increased the number of spikes (+319 ± 100%, n = 5, Fig. 6C), promoted the production of bursts and decreased the first AP latency (-36 ± 2%, n = 5, Fig. 6D), indicating that excitability was largely enhanced. When the leftward shift of the activation of G NaP was applied in combination with the shift of the inactivation of G NaT by 6 mV, regenerative firing was suppressed (Fig. 6C). The value of 6 mV was chosen because neuronal firing was often difficult to elicit when the shift was greater than 8 mV. Compared to the control, the latency of the first spike was slightly decreased (-11 ± 5%, n = 5, Fig. 6D) but the number of APs was strongly reduced (-55 ± 10%, n = 5, Fig. 6C). We conclude that the mGluR1-dependent regulation of NaChs promotes the spike induction at the threshold but strongly decreases regenerative firing. The net decrease in excitability produced by activation of mGluR subtype 1 is further supported by the fact that pharmacological blockade of mGluR1 enhanced intrinsic excitability. Bath application of the mGluR1 antagonist LY367385 (100 μm) increased the number of spikes evoked by a depolarizing current pulse injected in L5 neurons under basal and elevated levels of glutamate release (Fig. 7). Consistent with a glutamate-dependent regulation of intrinsic excitability, LY367385 increased excitability to a greater extent when glutamate release was elevated by bath application of 10 mm KCl (262 ± 43%, n = 4 in KCl vs.129 ± 2% in control, n = 3, Fig. 7). Thus, glutamate depresses neuronal excitability via the mGluR1-dependent regulation of NaCh activity.

Discussion

Regulation of sodium currents by mGluR1

We found here that activation of glutamate receptors induced a ∼30% reduction in rapidly inactivating Na + current in cortical pyramidal neurons. This ability of the mGluR1/5 agonist DHPG to produced this effect, the absence of effect of the specific mGluR5 agonist and the block of DHPG-induced reduction of I NaT by mGluR1 antagonists LY367385, CPCCOEt and AIDA support the conclusion that this effect is mediated by mGluR1. Immunolabelling has indicated that the α-spliced variant of the mGluR1 subunit is mainly located in the dendrites of cortical pyramidal neurons [START_REF] Munoz | Development of metabotropic glutamate receptors from trigeminal nuclei to barrel cortex in postnatal mouse[END_REF] and on inhibitory interneurons [START_REF] Baude | The metabotropic glutamate receptor (mGluR1a) is concentrated at perisynaptic membrane of neuronal subpopulation as detected by immunogold reaction[END_REF]). Thus, it is possible that mGluR1 principally regulates NaChs located in the dendrites [START_REF] Stuart | Active propagation of somatic action potentials into neocortical pyramidal neurons[END_REF].

The reduction of I NaT was fully blocked by the PKC inhibitory peptide 19-36 and by BIS-I, a broad spectrum but specific PKC inhibitor. This result is consistent with several previous studies showing that activation of PKC shifted Na + current inactivation to more hyperpolarized potentials [START_REF] Numann | Functional modulation of brain sodium channels by protein kinase C phosphorylation[END_REF][START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF][START_REF] Carr | Serotonin receptor activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein kinase C-dependent modulation[END_REF]. Group I mGluR, which include mGluR1 and mGluR5, are coupled to Gq and to the activation of phosphoinositide hydrolysis, leading to downstream activation of PKC. It has recently been shown, that the novel PKCε subtype is principally involved in the regulation of NaChs [START_REF] Chen | Specific modulation of Na + channels in hippocampal neurons by protein kinase Cε[END_REF].

Regulation of I NaT

DHPG reduced both the Na + current and action potential amplitudes. Activation of mGluR1 produced a -9.5 mV shift in the inactivation of I NaT but no change in its activation. A similar observation was reported upon stimulation of PKC [START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF] or 5-HT 2 receptors [START_REF] Carr | Serotonin receptor activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein kinase C-dependent modulation[END_REF]. Our model shows that this shift is sufficient to produce the reduction in amplitude of I NaT evoked by a voltage step from -70 mV to -20 mV. No change in the activation of I NaT was observed as previously reported upon activation of muscarinic [START_REF] Cantrell | Muscarinic modulation of sodium current by activation of protein kinase C in rat hippocampal neurons[END_REF] or 5-HT 2 receptors [START_REF] Carr | Serotonin receptor activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein kinase C-dependent modulation[END_REF]. Functionally, shifting inactivation with the FDC technique reduced repetitive firing. Indeed, although the overall firing was reduced, the latency of the first spike remained virtually unchanged. Similar behaviour has also been observed previously upon stimulation of 5-HT 2a/c receptors [START_REF] Carr | Transmitter modulation of slow, activity-dependent alterations in sodium channel availabililty endows neurons with a novel form of cellular plasticity[END_REF].

Regulation of I NaP

The shift in I NaT inactivation produced a strong decrease in the amplitude of the theoretical window-current. This behaviour was not exactly observed in the recordings of I NaP . In fact, a decrease in I NaP was observed only for potentials near -40 mV but a clear facilitation was found at -55 mV, indicating that the regulation of I NaT cannot solely account for the changes in I NaP . Thus, transient and persistent components might be mediated by different mechanisms or types of channels. In fact, several biophysical differences are observed between channels generating fast transient and persistent Na + currents. The underlying unitary conductances of single channels are clearly different (15 vs. 20 pS) and the activation threshold of I NaP is 10 mV more hyperpolarized (Magistretti et al. 1999). In addition, G-protein βγ subunits selectively enhance I NaP in a subtype-selective population of NaChs [START_REF] Mantegazza | Molecular determinants for modulation of persistent sodium current by G-protein βγ subunits[END_REF]. Although the possibility that I NaT and I NaP are mediated by different channels is still a matter of debate, it is possible that mGluR1 differentially regulates two types of Na + channels. Nevertheless, this regulatory mechanism also required PKC activation since DHPG had no effect on I NaP in the presence of the PKC inhibitor BIS-I. A similar shift in I NaP activation has been reported following stimulation of PKC [START_REF] Astman | Activation of protein kinase C increases neuronal excitability by regulating persistent Na + current in mouse neocortical slices[END_REF][START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF] or D 1 /D 5 receptors [START_REF] Gorelova | Dopamine D1/D5 receptor activation modulates a persistent sodium current in rat prefrontal cortical neurons in vitro[END_REF]. A reduction in I NaP amplitude has been observed in some [START_REF] Astman | Activation of protein kinase C increases neuronal excitability by regulating persistent Na + current in mouse neocortical slices[END_REF][START_REF] Mittmann | Muscarinic inhibition of persistent Na + current in rat neocortical pyramidal neurons[END_REF], but not all studies [START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF][START_REF] Gorelova | Dopamine D1/D5 receptor activation modulates a persistent sodium current in rat prefrontal cortical neurons in vitro[END_REF]this study). Functionally, this facilitation increased neuronal excitability. In the presence of Ca 2+ and K + channel blockers, DHPG decreased the latency of the first AP and increased the amplitude of the depolarizing foot preceding the AP. Shifting the activation curve of simulated G NaP by -6.5 mV using the FDC technique produced virtually identical results. Thus, mGluR1-dependent facilitation of I NaP is a powerful means to enhance intrinsic excitability. It will be important to determine whether this glutamate-dependent up-regulation of I NaP might also account for some of the activity-dependent long-lasting changes in intrinsic excitability observed in cerebellar and cortical neurons [START_REF] Armano | Long-term potentiation of intrinsic excitability at the mossy fiber-granule cell synapse of rat cerebellum[END_REF]Daoudal et al. 2002).

Net change in neuronal excitability

Simulation of mGluR1-dependent regulation of NaCh activity with FDC techniques showed a bipolar impact on neuronal excitability. In fact, reduction in repetitive AP firing and facilitation of the first AP latency are the main features of the mGluR1-dependent regulation of NaCh activity. What is their net effect on neuronal excitability? Two different parameters were measured to assess the change in neuronal excitability. In terms of AP number, overall excitability decreased. However, when spike initiation was considered, excitability was enhanced since the first spike latency was reduced. Thus, activation of mGluR1 profoundly affects the temporal dynamics of pyramidal neuron excitability.

Whether GPCR/PKC-dependent regulation of NaCh activity increases or decreases neuronal excitability is a matter of debate. Excitability might be decreased because of I NaT depression [START_REF] Cantrell | Neuromodulation of Na + channels: an unexpected form of cellular plasticity[END_REF][START_REF] Carr | Serotonin receptor activation inhibits sodium current and dendritic excitability in prefrontal cortex via a protein kinase C-dependent modulation[END_REF] or enhanced as a result of facilitation of I NaP [START_REF] Astman | Activation of protein kinase C increases neuronal excitability by regulating persistent Na + current in mouse neocortical slices[END_REF][START_REF] Franceschetti | Protein kinase C-dependent modulation of Na + currents increases the excitability of rat neocortical pyramidal neurones[END_REF]. Furthermore, the depression of excitability is questionable since M 1 , D 1 /D 2 , 5HT 2 and mGluR1 not only regulate NaChs but also modulate a wide variety of K + and Ca 2+ channels that are clearly involved in determining neuronal excitability [START_REF] Malenka | Dopamine decreases the calcium-activated afterhyperpolarization in hippocampal CA1 pyramidal cells[END_REF][START_REF] Charpak | Potassium conductances in hippocampal neurons blocked by excitatory amino-acid transmitters[END_REF][START_REF] Anwyl | Metabotropic glutamate receptors: electrophysiological properties and role in plasticity[END_REF][START_REF] Mannaioni | Metabotropic glutamate receptors 1 and 5 differentially regulate CA1 pyramidal cell function[END_REF]. Thus, the consequences of metabotropic receptor stimulation on excitability are difficult to dissect with classical tools. We were able to address this issue by the use of FDC. In fact, the specific changes in NaCh activity induced by mGluR1 stimulation could be reconstituted in real neurons. Endogenous NaChs were selectively blocked with TTX and the simulated Na + conductance was injected in the recorded neuron. The FDC technique has, however, limitations: the injected conductance is restricted to the site of current injection [START_REF] Prinz | The dynamic clamp comes of age[END_REF]) and FDC of Na + current probably does not restore active back-propagation in the dendrites. Thus, activation of Na + -and Ca 2+ -dependent K + channels is reduced. G K was added to reduce bursting caused by the reduction of Na + -dependent K + currents [START_REF] Bhattachardjee | For K + channels, Na + is the new Ca 2+[END_REF] due to TTX. Shifting activation of simulated G NaP enhanced excitability but when the shift in the inactivation of G NaT was added, excitability was strongly decreased. The fact that the mGluR1 antagonist LY367385 increased neuronal excitability in L5 pyramidal neurons further argues for a net decrease in excitability mediated by mGluR1-dependent regulation of NaCh.

Functional implication

Given the importance of Na + channels and glutamate in brain function, it is expected that regulation of NaCh activity will have important functional consequences postsynaptically. Group I mGluRs are involved in the patterning of epileptiform activity in cortical neurons [START_REF] Merlin | Role of group I metabotropic glutamate receptors in the patterning of epileptiform activities in vitro[END_REF][START_REF] Merlin | Differential roles for mGluR1 and mGluR5 in the persistent prolongation of epileptiform bursts[END_REF]. In particular, mGluR1 activation underlies the acute enhancement of epileptiform bursts whereas mGluR5 is involved in the sustained increase in neuronal excitability [START_REF] Merlin | Differential roles for mGluR1 and mGluR5 in the persistent prolongation of epileptiform bursts[END_REF][START_REF] Stoop | Activation of metabotropic glutamate 5 and NMDA receptors underlies the induction of persistent bursting and associated long-lasting changes in CA3 recurrent connections[END_REF][START_REF] Sourdet | Long-term enhancement of neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor subtype 5[END_REF]. Our data are consistent with the implication of mGluR1 in the maintenance of recurrent epileptiform activity via an action on I NaP . In fact, the shift of the activation of I NaP may increase EPSP amplification and facilitate the generation of APs in response to weak EPSPs [START_REF] Stuart | Amplification of EPSPs by axosomatic sodium channels in neocortical pyramidal neurons[END_REF]. At the scale of a neuronal ensemble, this process might promote epileptiform activity. Indeed, augmentation of I NaP may produce spontaneous seizures [START_REF] Kearney | A gain-offunction mutation in the sodium channel gene Scn2a results in seizures and behavioral abnormalities[END_REF].

However, the mGluR1-dependent regulation of I NaT produced a strong reduction of regenerative firing. This dominant effect might participate in the homeostatic regulation of neuronal excitability in the cortex. In fact, postsynaptic mGluR1/5 down-regulate a wide variety of K + currents, thereby increasing repetitive firing of APs [START_REF] Charpak | Potassium conductances in hippocampal neurons blocked by excitatory amino-acid transmitters[END_REF][START_REF] Guérineau | Reduction of resting K + current by metabotropic glutamate and muscarine receptors in rat CA3 cells: mediation by G-proteins[END_REF][START_REF] Lüthi | A slowly inactivating potassium current in CA3 pyramidal cells of rat hippocampus in vitro[END_REF][START_REF] Anwyl | Metabotropic glutamate receptors: electrophysiological properties and role in plasticity[END_REF][START_REF] Mannaioni | Metabotropic glutamate receptors 1 and 5 differentially regulate CA1 pyramidal cell function[END_REF]. This hyper-excitability could be largely reduced by the mGluR1-dependent regulation of I NaT we described here. Thus, mGluR1-dependent regulation of Na + current may represent a novel mechanism of homeostatic regulation acting during intense glutamatergic synaptic activity [START_REF] Desai | Homeostasic plasticity in the CNS: synaptic and intrinsic forms[END_REF]. Consistent with this, the mGluR1 antagonist LY367385 enhanced intrinsic excitability in an activity-dependent manner. The magnitude of the effect was significantly larger when glutamatergic activity was stimulated by high external K + . However, basal levels of glutamate also regulate excitability of cortical neurons [START_REF] Bandrowski | Baseline glutamate levels affect group I and II mGluRs in layer V pyramidal neurons of rat sensorimotor cortex[END_REF].

The mGluR1-dependent regulation of NaCh may also have important functional consequences at the presynaptic side. Activation of mGluR1 inhibits excitatory synaptic transmission via a presynaptic mechanism that remains unclear [START_REF] Mannaioni | Metabotropic glutamate receptors 1 and 5 differentially regulate CA1 pyramidal cell function[END_REF]. Na + channels have been identified in excitatory presynaptic terminals [START_REF] Engel | Presynaptic action potential amplification by voltage-gated Na + channels in hippocampal mossy fiber boutons[END_REF]. Thus, one possible mechanism of the mGluR1-dependent inhibition of evoked glutamate release might reside in the fact that presynaptic transient Na + currents are inhibited by the activation of mGluR1. Additional experiments will be necessary to further determine whether mGluR1-mediated reduction of the I NaT may promote propagation failures [START_REF] Debanne | Information processing in the axon[END_REF] or reduce the amplification of the presynaptic action potential [START_REF] Engel | Presynaptic action potential amplification by voltage-gated Na + channels in hippocampal mossy fiber boutons[END_REF].

Figure 1 .

 1 Figure 1. DHPG or glutamate inhibits fast inactivating Na + current in neocortical pyramidal neurons Aa, the normalized value of peak inward Na + current evoked by a voltage step from -70 to -20 mV in an acutely dissociated neocortical neuron (see inset) is plotted as a function of time. b, bath application of DHPG (150 μM) induced a 25% reduction of the amplitude that partially recovered after washout (c). B, plot of average (mean ± S.E.M.) normalized peak current evoked by a step from a holding potential of -70 mV to -20 mV as a function of time. DHPG induced a stable depression of the Na + current ( e ). Peak amplitude was stable in control experiments (•). C, inhibition of the Na + current induced by glutamate. Top, representative Na + currents evoked by a step from -70 to -20 mV. Bottom, time course of the inhibition. D, in L5 pyramidal neurons (inset), DHPG induced a 20% reduction in the peak Na + current amplitude evoked by a voltage step from -70 to -20 mV. External Na + concentration: 125 mM.

Figure 2 .

 2 Figure 2. DHPG reduces the amplitude of the action potential in L5 pyramidal neurons A, effect of 150 μM DHPG on action potential amplitude. B, summary of the changes in AP amplitude in control and in the presence of DHPG (measured after 10 min).

Figure 3 .

 3 Figure 3. Pharmacological profile of the DHPG-induced reduction in peak current A, the DHPG-induced inhibition was blocked by mGluR1 antagonists (Ly367385, CPCCOEt and AIDA) but not by the mGluR5 antagonist MPEP. B, effect of the mGluR5 agonist CHPG on I NaT evoked by a step from -70 to -20 mV. C, effect of DHPG on I NaT in the presence of the PKC inhibitor BIS-I.

Figure 4 .

 4 Figure 4. Effect of DHPG on activation and steady-state inactivation of I NaTA, DHPG does not affect activation of I NaT . Upper traces, families of Na + currents recorded with a reduced Na + gradient in control and in the presence of DHPG (150 μM). Lower graph, current-voltage plots in control ( e ) and in the presence of DHPG (•). Inset, normalized activation curves in control (V 1/2 = -37.4 mV; slope factor: 3.1 mV/e-fold) and the presence of DHPG (V 1/2 = -36.8 mV and k = 3.9 mV/e-fold). B, pooled data over 5 cells. Plot of I NaT activation curves under control conditions ( e , V 1/2 = -33 mV, slope factor: 4.7 mV/e-fold) and in the presence of DHPG (•, V 1/2 = -31 mV, slope factor: 4.6 mV/e-fold). C, effect of DHPG on steady-state inactivation of I NaT recorded with a reduced gradient. DHPG shifted the voltage dependence of steady-state inactivation to more negative values. Half-inactivation was obtained for a holding potential of -53.8 mV in control ( e , slope factor: -6.4 mV/e-fold) vs. -63.3 mV in the presence of DHPG (•, slope factor: -8.0 mV/e-fold). D, model of the transient Na + conductance (G NaTmax = 1 nS, in this case, E Na = +15 mV). Upper graph, theoretical inactivation curves; lower graph, I-V curves. A 25% reduction of the peak current amplitude is produced when the steady-state inactivation is shifted by -9.5 mV.

Figure 5 .

 5 Figure 5. DHPG-induced regulation of I NaPA, theoretical impact of the shift of the steady-state inactivation on the persistent sodium conductance (same model as in Fig.4D). Upper graph, activation and inactivation curves. Lower graph, resulting window Na + conductance in control (thin line) and after the -9.5 mV shift in the inactivation curve (thick line). B, regulation of I NaP in acutely dissociated neurons evoked by a ramp of voltage (leak and capacitive currents were not subtracted). Upper panel, DHPG shifted the activation of I NaP evoked by a slow ramp of voltage to more negative values. The current was totally blocked by TTX (1 μM). Bottom, I NaP activation curve. Half-maximal activation of I NaP was obtained for -48.2 mV in control ( e ) vs. -54.7 mV in the presence of DHPG (•). C, current-clamp recording in L5 pyramidal neurons. Single APs were evoked by a slow ramp of current in the presence of K + and Ca 2+ channel blockers. Application of DHPG decreased the AP latency. Bottom, plot of average (mean ± S.E.M.) normalized latency as a function of time. D, effect of DHPG on I NaP in the presence of BIS-I (1 μM). Leak and capacitive currents were not subtracted. No shift in the activation of I NaP was induced by DHPG (lower graph). ( e ) control (•) DHPG.

Figure 6 .

 6 Figure 6. Fast dynamic-clamp (FDC) of Na + current in L5 pyramidal neurons A, experimental set-up for injecting artificial G NaT , G NaP and G K . A pyramidal neuron was recorded in double whole-cell configuration in a cortical slice. V m was measured by electrode 1 and the dynamic current, I Dyn , was injected by electrode 2. B, validation of FDC in a regular spiking neuron. Top, APs were evoked by a step of depolarizing current. Middle, TTX blocked firing. Bottom, addition of the simulated G NaT , G NaP and G K with FDC (I Dyn ) re-established the discharge. C and D, FDC in a bursting neuron. Effects of shifting the activation of I NaP (SA NaP ) by 6.5 mV and the inactivation of I NaT (SI NaT ) by 6 mV on the number of spikes evoked by a depolarizing step (C) and the latency of the first AP (D). Each data point corresponds to a single neuron.

Figure 7 .

 7 Figure 7. Effects of the mGluR1 antagonist LY367385 on intrinsic excitability of L5 pyramidal neurons A, spontaneous postsynaptic currents (V h = -70 mV) recorded in control (top traces) and in the presence of 10 mM KCl (bottom traces).B, effect of LY367385 on spiking activity in the presence of 10 mM KCl. Ionotropic receptors were blocked with kynurenate (2 mM) and picrotoxin (100 μM). Bottom, time course of the effect of LY367385. C, normalized changes induced by LY367385 in control conditions (basal) and with an external K + concentration of 10 mM (KCl).
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