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INTRACELLULAR recordings have shown that neocortical pyramidal neurones have an intrinsic capacity for regenerative firing. The cellular mechanism of this firing was investigated by computer simulations of a model neurone endowed with standard action potential and persistent sodium (gNaP) conductances. The firing mode of the neurone was determined as a function of leakage and NaP maximal conductances ( g¯ l and g¯ NaP). The neurone had two stable states of activity (bistable) over wide range of g¯ l and g¯ NaP , one at the resting potential and the other in a regenerative firing mode, that could be triggered by a transient input. This model points to a cellular mechanism that may contribute to the generation and maintenance of long-lasting sustained neuronal discharges in the cerebral cortex.
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Introduction Silva et al.1 reported finding ‘single-spiking rhythmic’ neurons in the neocortex that responded to a 4 ms depolarizing pulse by a sustained discharge lasting up to 20 s in the absence of any excitatory synaptic transmission. This suggests that some cortical neurones have two stable states of activity (bistable behaviour), one silent and the other of continuous activity, that can be triggered by a transient input. This mode of discharge could subserve a variety of temporal processing and coding mechanisms in the brain. In particular, it could account in part for the ability of neurones in the frontal and associative cortices to fire in a highly selective fashion during a delay while an event is memorized, but to be otherwise silent.2,3 Single neurones displaying a bistable behaviour have been found in invertebrates.4 These patterns are the result of the molecular properties of neurones themselves (repertoire of ionic channels) and of the connectivity of local networks (recurrent loops). The cellular mechanisms underlying the bistable behaviour of neocortical neurones are unknown. Sustained temporal patterns can appear as a solution of coupled non-linear differential equations.5 These patterns may thus be produced by interactions between membrane ion channels.6 Experimental and theoretical evidence suggests that a persistent sodium current dominates the excitability of pyramidal neocortical neurones at membrane potentials below the action potential threshold,7 and contributes to subthreshold oscilla© Rapid Science Publishers
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tions and repetitive firing behaviour.8–10 The goal of the present study was to determine whether a single neurone endowed with action potential and persistent sodium conductances could display a bistable behaviour. We explored the role of gNaP in the generation and maintenance of regenerative discharge in a model of a cortical pyramidal cell. This was done by analysing the firing mode of the neurone model in response to a transient input as a function of the membrane time constant and NaP maximal conductance.



Materials and Methods This paper presents the simulations of an isopotential model neurone which includes the sodium and potassium currents of the action potential, a persistent sodium current, a leakage current and an injected current. The membrane potential Vm obeyed the following equation: Cm



dVm 5 g¯ Nam3h(VNa – Vm) 1 dt



g¯ Kn4(VK – Vm)1g¯NaPmNaP(VNaP – Vm)1 g¯ l (Vl – Vm) 1 Iinj where Cm = 1 mF cm–2 and Vl = –71.5 mV. The notation g¯ designates maximal conductances. The leakage conductance (¯gl) was assumed to be in the range 0.02–0.2 mS cm–2. This ensured that the correVol 8 No 4 3 March 1997
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sponding passive time constant (tm) lies between 5 and 50 ms, a range covering the various physiological estimations made in neocortical pyramidal neurons.11,12 The description of the active conductances of the model used the Hodgkin–Huxley formalism. The evolution of the gating particles m, h, n followed first-order kinetics. dx 5 ax(Vm)(1 – x) – bx(Vm)x, x 5 m,h,n dt Rates of activation and inactivation of fast sodium conductance:



am(Vm) 5



0.55(Vm 1 45.5) –45.5 – Vm 1 – exp 4
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ah(Vm) 5 0.115 exp



bm(Vm) 5



bh(Vm) 5
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1 –V 18– 482 m



0.44(Vm 1 18.5) V 1 18.5 exp m –1 5
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and rates of activation of fast potassium conductance:



an(Vm) 5



0.0178(–50 – Vm) –50 – Vm exp –1 5
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bn(Vm) 5 0.28 exp
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FIG. 1. The persistent sodium (NaP) conductance model. (A) Steadystate activation function. (B) Activation time constants of the fast (dotted line) and persistent (solid line) sodium conductances. (C) NaP kinetics were scaled from fast sodium kinetics so that the NaP current reached 95% of its maximal value within 2–4 ms under voltage-clamp at subthreshold potentials. Currents are normalized.



∞ mNaP (Vm) 5



tNaP 5



m



dmNaP m∞NaP(Vm) – mNaP 5 dt tNaP(Vm) The voltage-dependence of m∞NaP was taken from Ref. 17 (Fig. 1A) 1020 Vol 8 No 4 3 March 1997
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The kinetics of activation of gNaP are now known precisely. The persistent sodium current reaches its steady-state value within 2–4 ms in the subthreshold voltage range in neocortical neurones.18 We assumed a simple model of gNaP kinetics which consisted of a scaled version of gNa kinetics (Fig. 1B)



1–5540– V 2



were derived from Ref. 13. The maximal conductances and the rate functions were scaled to reproduce typical action potential characteristics of regular spiking cortical neurons:14–16 height ~80 mV, duration ~1 ms, rate of rise ~350 mV ms–1, rate of fall ~ –80 mV ms–1. The following values were used for all simulations: g¯ Na = 20 mS cm–2, g¯ K = 2 mS cm–2, VNa = 45 mV, VK = –85 mV. The persistent sodium conductance activation followed
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The time constant was fitted so that in a reduced g¯ l/¯gNaP model, the persistent sodium current reached 95% of its steady-state amplitude in 2–4 ms under voltage-clamp in the subthreshold range (Fig. 1C). The persistent sodium maximal conductance (¯gNaP) was assumed to be in the range 0–0.3 mS cm–2 (i.e. 0–1.5% of g¯ Na).19,20 VNaP was 45 mV. The firing threshold was determined as the maximal observable steady-state potential when the intensity of a 500 ms current step was raised. The simulations began with activation and inactivation at their steady-state values at resting potential when it existed, otherwise at –71.5 mV.



Sustained firing in a cortical neurone model
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FIG. 2. The firing modes of the model neurone: transient (A), sustained (B), spontaneous sustained (C). The leakage conductance g¯ l was 0.05 mS cm–2 g¯ NaP was 0 (A), 0.07 mS cm–2 (B), 0.12 mS cm–2 (C). The injected current is shown below each trace: 30 mA cm–2 for 1 ms (not to scale) in (A,B), no injected current in (C). Simulated time is 250 ms. The first 100 ms of simulation is truncated in (C). Scale bars (50 ms, 50 mV) apply to all traces.
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The model was first tested with g¯ l = 0.05 mS cm–2 (tm = 20 ms). When the persistent sodium conductance was not included in the model neurone (¯gNaP = 0) the resting potential was –71.5 mV. The firing threshold was ~ –53 mV. Injection of a threshold current (Iinj = 30 mA cm–2, 1 ms) elicited a single action potential (Fig. 2A). With g¯ NaP = 0.07 mS cm–2, the resting potential was about –70.3 mV (firing threshold ~ –66 mV), but injection of the same threshold current induced a stable rhythmic (34 Hz) self-regenerative discharge (Fig. 2B). Thus the neurone was bistable. The neurone was found to have a spontaneous regenerative (pacemaker) discharge for g¯ NaP = 0.12 mS cm–2 (Fig. 2C). These three types of behaviour were called transient (T), sustained (S), and spontaneous sustained (spS) activity. These results, as well as those reported below, did not depend upon the amplitude of the injected suprathreshold current. At higher values of g¯ NaP (>0.15 mS cm–2), the size of the spikes decreased below the lower limit of physiological observations ( 
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