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Abstract
Background
Familial hemiplegic migraine (FHM) is a group of genetic migraine, associated with hemiparesis and aura. Three causative different genes have been identified, all of which are involved in membrane ion transport. Among these, SCN1A encodes the voltage-gated Na+ channel Nav1.1, and FHM caused by mutations of SCN1A is named FHM3. For 7 of the 12 known FHM3-causing SCNA1 mutations functional consequences have been investigated, and even if gain of function effect seems to be a predominant phenotype, for several mutations conflicting results have been obtained and the available data do not reveal a univocal FHM3 pathomechanism.

Methods
To obtain a more complete picture, here, we characterized by patch clamp approach the remaining 5 mutations (Q1489H, I1498M, F1499 L, M1500 V, F1661 L) in heterologous expression systems.

Results
With the exception of I1498M, all mutants exhibited the same current density as WT and exhibited a shift of the steady state inactivation to more positive voltages, an accelerated recovery from inactivation, and an increase of the persistent current, revealing that most FHM3 mutations induce a gain of function. We also determined the effect of GS967, a late Na+ current blocker, on the above mentioned mutants as well as on previously characterized ones (L1649Q, L1670 W, F1774S). GS967 inhibited persistent currents of all SCNA1 FMH3-related mutants and dramatically slowed the recovery from fast inactivation of WT and mutants, consistent with the hypothesis that GS967 specifically binds to and thereby stabilizes the fast inactivated state.
Simulation of neuronal firing showed that enhanced persistent currents cause an increase of ionic fluxes during action potential repolarization and consequent accumulation of K+ and/or exhaustion of neuronal energy resources. In silico application of GS967 largely reduced net ionic currents in neurons without impairing excitability.

Conclusion
In conclusion, late Na+ current blockers appear a promising specific pharmacological treatment of FHM3.
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Background
Familial hemiplegic migraine (FHM) is a severe form of hereditary autosomal dominant migraine with aura caused by mutations in three different genes encoding neuronal or glial ion transporting membrane proteins. FHM1 is caused by mutations in the gene encoding the presynaptic neuronal Ca2+ channel Cav2.1, FHM2 is associated with mutations of a glial specific Na-K-ATPase, whereas FHM3 is caused by mutations in SCN1A, the gene encoding the neuronal CNS specific Na+ channel Nav1.1 [1, 2]. While FHM is more severe than “common” migraine with aura, it is believed that the molecular mechanisms underlying FHM could provide insight into the pathophysiology of more general forms of migraine. The fact that all forms of FHM are associated with ion transporting neuronal/glial specific proteins hints to a “neuronal origin” of FHM and to a disturbance of ionic homeostasis at the basis of the disease. In agreement with this general assumption, the phenomenon of cortical spreading depression (CSD), which is characterized by a wave of K+ accumulation and generalized neuronal depolarization, has been proposed to be an essential event in migraine with aura [1]. SCN1A is a well-known epilepsy gene with hundreds of mutations being causative for various forms of epilepsy [3–5]. The predominant expression of SCN1A in inhibitory interneurons is in agreement with the finding that most epilepsy mutations reduce Nav1.1 functionality [3, 4]. Comparably, a much smaller number of SCN1A mutations has been found to be linked to FHM3 (12 mutations so far), and the genotype-phenotype correlation for migraine mutations is not fully clear. Several functionally studied mutations exhibit defects of the fast inactivation process such as a rightward shift of the steady-state inactivation, accelerated recovery from inactivation, and enhanced persistent currents [2, 6–14]. This finding is consistent with the hypothesis that FHM3 is associated with interneuron hyperexcitability. On the other hand, conflicting results have been reported for the properties of the mutations L1649Q, Q1489K, L263 V, and T1174S, when expressed in heterologous systems [7, 8, 11]. Thus, their characteristics are not fully clear. Finally, some FHM3 mutations result in reduced expression levels in heterologous expression systems [8, 10, 13, 14]. For these variants, the exact functional impact in patients cannot be fully predicted, even though an overall gain of function is most likely [10]. Based on these considerations, it appears extremely important to extend the functional investigation to all known FHM3-linked mutations to arrive at a complete picture.
Gain of function mutations with impaired fast inactivation in the muscle Na+ channel gene SCN4A lead to muscle hyperexcitability and myotonia [15] and in the cardiac SCN5A gene to Long QT (LQTS) and Brugada syndrome (BS) [16]. For LQTS and BS, “late Na+ current blockers”, like ranolazine, have been proposed as specific correctors of mutation-induced disruption of inactivation [17]. Hence, a similar strategy might be applicable in FHM3 patients.
Also GS697, a late Na+ current blocker, has been shown to exert a potent antiarrhythmic effect on rabbit myocytes and on canine or porcine models, targeting Nav1.5 heart channels [18–20]. In addition, GS967 administered as a possible therapeutic compound in various epileptic mouse models with mutations in Nav genes caused a strong reduction of spontaneous seizures and improved survival of affected mice [21–23]. The collective evidence suggests that the beneficial effect of GS967 is mediated at the molecular level by the block of unusually large persistent Na+ currents in cardiac myocytes and neurons in the different mouse models.
In the present study, in order to further test the generality of the assumption that FHM3 is associated with a gain of function, we examined the effects of five so far uncharacterized SCNA1 mutations in heterologous expression systems, confirming for four of them a defective inactivation process. One mutation (I1498M) exhibited dramatically reduced functional expression. We then tested the effect of the late Na+ current blocker GS967 [24] on these four inactivation impaired mutations and on several previously characterized mutations. GS967 drastically reduced persistent currents and markedly delayed recovery from inactivation for WT and mutants. Simulation of neuronal firing properties suggests that enhanced persistent currents do not strongly affect excitability per se, but markedly increase net ionic transmembrane fluxes during action potential repolarization, predicting an increase of the extracellular K+ concentration and an important energetic burden on firing neurons. Is noteworthy that simulating a reduction of persistent current similar to that experimentally obtained by the application of GS697 ameliorated these effects without compromising excitability.

Methods
Chemicals
All salts were of highest available grade and were obtained from Sigma-Aldrich (Milan, Italy). GS967 was obtained from MedChemtronica AB The European branch of MCE (Sweden). Stock solution aliquots at 2 mM in DMSO were kept at − 20 °C and diluted in the experimental solution at the day of the experiment.

Molecular biology
For heterologous expression of WT and mutant SCN1A we employed our previously characterized optimized SCN1A expression plasmid which encodes the shorter SCN1A splice variant and in which codons are changed to render the cDNA more similar to the cardiac SCN5A isoform, and which is much easier to handle than traditional SCNA1 expression plasmids [14]. Expression of this optimized plasmid results in ionic currents that are indistinguishable from those seen after expression of the original SCNA1 construct [14]. All new mutations (Q1489H, I1498M, F1499 L, M1500 V, F1661 L) were introduced by restriction free mutagenesis as described earlier [14] and the open reading frame was confirmed by Sanger sequencing. For expression in Xenopus oocytes the original pCDNA3-based constructs were transferred into the pFrog vector [25] using HindIII and XbaI restriction enzymes (Thermo Fisher, Milan, Italy). In Xenopus oocytes we co-expressed SCN1A with the human β1 subunit which is known to reduce slow components of inactivation [26]. The β1 subunit was cloned in the pGEM vector (kindly provided by Stephen Cannon). In HEK cells, experiments were carried out in the absence of the β1 subunit because functional effects of β1 subunit are generally rather small [10]. In addition, co-transfection of α and β subunits invariably leads to an uncontrolled variable stoichiometry, which might increase the variability of the data. In addition, all mutations studied here are far away from the α-β interaction surface as inferred from the eel structure [27].

Cell culture and transfection
HEK-293 cells were grown and transfected as described earlier [14]. Briefly, we used DMEM supplemented with 10% FBS, penicillin, and streptomycin and maintained cells at 37 °C in 5% CO2, and 95% humidity. For transfection we used the Effectene Kit (Qiagen), co-transfecting 500 ng SCN1A plasmid and 50 ng of a vector expressing GFP. Currents were recorded 24-48 h after transfection.

Oocyte injection
For expression in Xenopus oocytes, cRNA was transcribed by the mMessage mMachine T7 kit (Life Technologies, Milan, Italy) after linearization with Mlu I (SCNA1) or NheI (β1). cRNA (5 ng of SCN1A + 5 ng of β1) was injected in defolliculated oocytes, which were incubated at 18 °C in the maintaining solution containing (in mM): 90 NaCl, 2 KCl, 1 MgCl2, 1 CaCl2, and 10 Hepes (pH 7.5).

Current recordings
Currents in HEK cells were recorded using the whole-cell configuration of the patch clamp technique [28] using an Axopatch 200B amplifier at room temperature (22–25 °C) as described earlier [14]. Bath solution contained (in mM): 145 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2, 10 Hepes, pH 7.4. Internal solution contained 40 CsCl, 10 NaCl, 80 CsF, 11 EGTA, 10 Hepes, 1 CaCl2, pH 7.3. Cell capacitance was between 10 and 25 pF. We controlled that series resistance, RS, was not larger than 4 MΩ and often it was around 2 MΩ, for which a maximum accepted current level would be 2.5 nA to keep the voltage error smaller than 5 mV. The current levels shown in Fig. 2 (which are indeed representative) do not exceed 1.5 nA, being thus actually on the safe side.
Currents in Xenopus oocytes were measured using the two-electrode voltage clamp technique (TEVC) using an npi-electronics amplifier (Tamm, Germany) as described previously [29]. To reduce the current magnitude and to minimize voltage-clamp errors, in the TEVC experiments the extracellular solution contained a low concentration of NaCl. It had the following composition (in mM): 15 NaCl, 90 N-methyl-D-Glucamine-Cl, 10 Hepes, 2 CaCl2, 2 MgCl2, pH 7.3.
All measurements were performed using the custom acquisition program GePulse (available at http://​users.​ge.​ibf.​cnr.​it/​pusch/​programs-mik.​htm). Between the application of pulse protocols, the membrane was kept at a holding potential of − 90 mV (See Supplementary Methods).

Statistical analysis
To evaluate statistical significance Students unpaired t-test was used. Significance levels were: not significant: p > =0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001.
Modelling of Na
+channel gating with GS967 binding and simulation of neuronal firing.

Gating of the sodium channel was modelled as described earlier [10, 11, 30] as
[image: $$ {I}_{Na}={G}_{Na}\left(V-{E}_{Na}\right){m}^3 hs $$]


where INa is the Na+ current, GNa is the maximal conductance, V the membrane potential, ENa the Na+ equilibrium potential (assumed to be 50 mV throughout), m the activation variable, h the fast inactivation variable and s the slow inactivation variable. Activation (m) and slow inactivation (s) variables were parameterized as in [10, 11]. The fast inactivation variable, h, is usually modelled as a two state process
[image: $$ A{\displaystyle \begin{array}{c}{\alpha}_h\\ {}\leftrightarrows \\ {}{\beta}_h\end{array}}I $$]


in which A (“activated”) denotes the non-inactivated state, I the inactivated state, βh the inactivation rate constant and αh the rate constant of recovery from inactivation. The standard inactivation rate constants αh and βh were calculated as in [10, 11].
In order to implement the assumption that GS967 binds exclusively to the inactivated state, we modelled inactivation as a three state process:
[image: $$ A{\displaystyle \begin{array}{c}{\alpha}_h\\ {}\leftrightarrows \\ {}{\beta}_h\end{array}}I{\displaystyle \begin{array}{c}\mu \\ {}\leftrightarrows \\ {}\lambda \left[ GS967\right]\end{array}}{I}_{GS} $$]



Here, IGS represents the inactivated channel with a molecule of GS967 bound. Binding of GS967, and unbinding rate constants were assumed to have the values: λ = 10 μM− 1 s− 1, μ = 1 s− 1.
Further, in order to impose a certain “percentage of persistent current” in the absence of GS967, Ppersist induced by a mutation, the inactivation rate constants (βh and αh) were modified to [image: $$ {\beta}_h^{\prime } $$] and [image: $$ {\alpha}_h^{\prime } $$], respectively, based on the following equations.
In the standard model, steady state inactivation, h∞, is given by
[image: $$ {h}_{\infty }=\frac{\alpha_h}{\alpha_h+{\beta}_h} $$]


and approaches 0 at positive voltages, i.e. the standard model exhibits negligible persistent currents.
To introduce Ppersist we defined the modified steady state inactivation, [image: $$ {h}_{\infty}^{\prime } $$], as
[image: $$ {h}_{\infty}^{\prime }={P}_{persist}+\left(1-{P}_{persist}\right){h}_{\infty } $$]


and obtained the modified inactivation rate constant, [image: $$ {\beta}_h^{\prime } $$], by
[image: $$ {\beta}_h^{\prime }=\left(1-{h}_{\infty}^{\prime}\right)\left({\alpha}_h+{\beta}_h\right)=\left(1-{P}_{persist}\right){\beta}_h $$]


and the modified recovery from inactivation rate constant, [image: $$ {\alpha}_h^{\prime } $$], by
[image: $$ {\alpha}_h^{\prime }={h}_{\infty}^{\prime}\left({\alpha}_h+{\beta}_h\right)={\alpha}_h+{P}_{persist}{\beta}_h $$]



Thus the fully extended scheme of fast inactivation including persistent currents and GS967 binding is given by
[image: $$ A{\displaystyle \begin{array}{c}{\alpha}_h^{\hbox{'}}\\ {}\leftrightarrows \\ {}{\beta}_h^{\hbox{'}}\end{array}}I{\displaystyle \begin{array}{c}\mu \\ {}\leftrightarrows \\ {}\lambda \left[ GS967\right]\end{array}}{I}_{GS}. $$]



Voltage step responses to typical voltage protocols (Fig. 5b-e) were calculated using custom simulation program MarkovEditor (http://​users.​ge.​ibf.​cnr.​it/​pusch/​programs-mik.​htm). These protocols included the standard IV pulses, and the protocol of recovery from fast inactivation. Holding voltage in these simulations was − 90 mV as in the experiments. In the program MarkovEditor, the kinetic equations are solved by calculation of eigenvectors and eigenvalues of the system of linear differential equations employing code from the Alglib C++ library (http://​www.​alglib.​net/​).
The model was then used to predict the effect of GS967 in a simplified single compartment neuronal model as in [10, 11] and using the program Neuron [31] to simulate the firing properties. In addition to the above described Na+ conductance, the neuronal model harbored a K+ conductance and a leak conductance with the same characteristics as described in [10, 11]. The simulated neuron had length and diameter of 25 μm, EK = -85 mV. Simulations were performed for current injections between 10 and 350 pA (in 10 pA steps) and the membrane potential, the K+ current and the Na+ current were followed for 400 ms.


Results
Localization of FHM3 mutations in the Na
+channel structure

Since FHM3 mutations affect critical biophysical functional properties of the voltage-gated sodium channel it is insightful to map their location onto the recently obtained Na+ channel protein structures. In Fig. 1 the residues corresponding to the mutations studied here are mapped onto the structure of the human skeletal muscle Na+ channel [32]. Interestingly, all mutations are localized in the fourth domain, which is implicated in the inactivation process [33]. All three residues of the most critical “IFM” motif [34] at the beginning of the loop connecting domains III and IV [35] are mutated in different patients (shown in space-fill representation in red, green and light-brown, respectively in Fig. 1). Thus, a priori, defects of the inactivation process are likely involved in FHM3. Q1489 (light pink in Fig. 1) is located slightly upstream at the end of S6 of domain III. F1661 (in pink in Fig. 1) is located in the middle of the S4-S5 linker of domain IV, which is shown in yellow cartoon representation. This linker helix is believed to couple voltage-sensor movements to pore opening. L1649 (orange) is in S4 of domain IV and F1774 (yellow) is in S6 of domain IV.
[image: A10194_2019_1056_Fig1_HTML.png]
Fig. 1Mapping of mutants on the Na+ channel structure. The structure of the human skeletal muscle sodium channel Nav1.4 [32] is shown in cartoon structure. Domains I-III are shown in gray (voltage-sensor domains in dark gray, pore domains in light gray). The linker between domain III and IV is shown in green. For domain IV, the voltage sensor domain (S1-S4) is shown in dark blue, the pore domain in light blue and the linker S4-S5 in yellow. Residues corresponding to those studied here are shown in space fill: Q1489: light pink; I1498: red; F1499: green; M1500: light brown; L1649: orange; F1661: pink; F1774: yellow




Electrophysiological investigation of 5 uncharacterized FHM3 mutations
We introduced the following 5 FMH3 associated mutations into our optimized SCN1A expression plasmid: Q1489H and F1499 L were found in families in which FHM was associated with elicited repetitive daily blindness [36] (F1499 L is a recurrent mutation [37]); I1498M and F1661 L were found in patients with pure hemiplegic migraine [38]; M1500 V was detected by screening a cohort of patients with migraine with aura [39]. We first investigated these mutations in HEK cells using the patch clamp technique. While expression of Q1489H, F1499 L, M1500 V and F1661 L led to Na+ currents of practically the same size as WT, I1498M induced only small currents, rendering a detailed functional analysis practically impossible (Fig. 2 a-g; suppl. Table 1). Currents of I1498M could also not be rescued by incubation of cells at 30 °C (data not shown), a maneuver that had been successful for the L1649Q mutation [10]. For the other mutations the results of the quantitative analysis of gating properties are summarized in Fig. 2 h, i and Additional file 1: Table S1. Properties of activation and slow inactivation were rather similar to WT with small, but significant, shifts of the voltage of half-maximal activation for Q1489H and M1500 V, and slight changes in the times constant of the onset of slow inactivation for Q1489H, F1499 L, and F1661 L (Additional file 1: Table S1). In addition, none of the four mutations significantly altered the time constants of the onset of fast inactivation (data not shown). In contrast, other properties of the fast inactivation process were affected by all mutants in various proportions: they induced a shift of the voltage of half maximal inactivation to more positive values (Additional file 1: Table S1) and accelerated to various degrees the speed of recovery from inactivation (Fig. 2h, Additional file 1: Table S1). In addition, persistent currents were slightly enhanced in mutants M1500 V and F1661 L at − 40 mV, and markedly increased in mutants Q1489H and F1499 L (Fig. 2i). Thus, for all four mutants, the inactivation process is partially disrupted, a clear gain of function effect.
[image: A10194_2019_1056_Fig2_HTML.png]
Fig. 2Electrophysiological analysis of 5 FHM3 mutations in HEK cells. a-f show typical voltage clamp current traces in response to the standard IV protocol. Scale bars: 2 ms and 500 pA, respectively. g shows the peak current density and h the time constant of recovery from inactivation at − 90 mV. i show the relative persistent current. Values for mutants F1499 L and Q1489H are significantly larger than those of WT (p < 0.001) at all voltages. Values for mutants F1661 L and M1500 V are statistically significantly different from those of WT only at − 40 mV (p < 0.05)





Effect of GS967 on FHM3 mutations
Late Na+ current blockers have been proposed as possible treatment options for cardiac arrhythmia causing mutations of SCN5A that led to similar gain of function effects as seen here for SCN1A [17]. To evaluate if such a pharmacological strategy might be useful in FHM3, we tested the more recently discovered late Na+ current blocker GS967 on the above investigated four mutations (Q1489H, F1499 L, M1500 V, F1661 L) as well as on three previously characterized ones [14], most of which showed dramatic increases of persistent currents (L1649Q, L1670 W, F1774S). To this end, we expressed these mutants in Xenopus oocytes that allowed more stable recordings upon application of the drug compared to HEK cells. In addition, we exploited the fact that mutants L1649Q and L1670 W expressed rather large currents in oocytes, whereas these are difficult to express in HEK293 cells [8, 10, 13, 14]. This “rescue” is possibly caused by the lower incubation temperature of Xenopus oocytes (18 °C) compared to HEK cells (30-37 °C). Even though the absolute values of most gating parameters are slightly different in oocytes compared to HEK cells, the effects induced by the mutations are well reproduced in this system (Additional file 1: Table S3).
The application of 5 μM GS967 slightly reduced peak currents but strongly decreased persistent currents in all mutants tested (Fig. 3 b-h, i-k), while showed only a small effect on WT (Fig. 3a) overall confirming that GS967 binds directly to and interacts with the Nav1.1 protein. Scrutinizing activation and inactivation properties revealed that GS967 had no effect on activation parameters and slightly shifted the voltage of half-maximal inactivation 2–5 mV to more negative values for all mutants, except for F1774S for which GS967 shifted the half maximal inactivation voltage by about − 16 mV (Additional file 1: Table S3). The most dramatic effect was seen for the process of recovery from inactivation, measured at − 90 mV. While WT and all mutants fully recovered within a few ms in the absence of GS967, the drug introduced an additional, and predominant, slow component with a time constant of 400–700 ms (Fig. 4). The concentration of GS967 used here was larger than that employed in studies that tested its antiarrhythmic effect in cardiac myocytes or isolated hearts [18]. However, this relatively high concentration was necessary in oocytes because smaller concentrations produced variable effects, in line with the general finding that hydrophobic drugs are less efficient in oocytes compared to mammalian cells, probably due to the unspecific binding to intracellular yolk (unpublished result). Control experiments on WT and mutant Q1489H in HEK293 cells reveled a clear block of persistent currents and stabilization of the recovery from inactivation also at 1 μM GS967 (data not shown), a concentration used in other patch clamp studies [40].
[image: A10194_2019_1056_Fig3_HTML.png]
Fig. 3GS967 blocks persistent currents for WT and all mutants. a-h show typical voltage clamp current responses to a −30 mV (E), − 25 mV (A, B, C, D, F) or − 10 mV (G, H) pulse before (black traces) and after application of 5 μM GS967. The different voltages were chosen to maximize current amplitudes, which depended on the reversal potential. In particular, oocytes expressing mutants with large persistent currents had a negatively shifted reversal potential due to sodium accumulation. In panel i the average reduction induced by GS967 of peak currents and current at the end of the 70 ms test pulse is expressed as I (after GS967 application) / I (before application). j and k show relative persistent currents before (j) and after (k) application of GS967. GS967 significantly decreases persistent currents at all voltages (p < 0.05)




[image: A10194_2019_1056_Fig4_HTML.png]
Fig. 4GS967 prolongs recovery from inactivation for WT and all mutants. a-d show typical results for the indicated constructs for measurements of the recovery from inactivation at − 90 mV before (black symbols) and after (red symbols) application of 5 μM GS967. Black lines are single exponential fits, red lines are fits of a double exponential function. e shows the average rime constants of recovery before and after application of GS967




Overall the results on the effect of GS967 on FHM3 related mutations, suggest that this molecule specifically binds to and stabilizes the inactivated state of Nav1.1 channels.

Simulation of the effect of GS967 on neuronal firing
In order to explore possible effects of GS967 on neural network firing, we extended previously used mathematical models of Na+ channel gating. In particular, in the framework of a classical Hodgkin-Huxley model [10, 11, 30] (see Methods for details) we hypothesized that GS967 can only bind to the inactivated state, extending the gating variable “h” as illustrated in Fig. 5a. Binding to inactivated channels occurs with second order association rate constant λ, while GS967 dissociates with rate constant μ. Figure 5b-e shows simulated voltage-clamp traces for “WT” (Fig. 5 b, c) or for “mutated” channels with persistent currents of 5% (Fig. 5 d, e), introduced in the model as described in Methods. Simulations were performed in the absence (Fig. 5 b, d) or in the presence of 5 μM GS957 (Fig. 5 c, e). For WT, currents in the presence of GS967 do not appear very different from those in the absence of the drug (Fig. 5c). For channels with 5% persistent currents, steady state currents are greatly diminished (Fig. 5e). For both channel types, the recovery from inactivation at − 90 mV after a 70 ms test-pulse to 0 mV is dramatically slowed by GS967 (Fig. 5f). These features reproduce well the experimental findings in a qualitative manner. Thus, even though the model itself is clearly simplified, it can be used to explore possible effects of the application of GS967 on the firing properties of a neuron with a Na+ conductance with increased persistent current.
[image: A10194_2019_1056_Fig5_HTML.png]
Fig. 5Incorporation of GS967 binding and persistent current in a Hodgkin-Huxley type model of Na+ channel gating. GS967 is assumed to bind exclusively to the inactivated state with association rate constant λ [GS967] and dissociation rate constant μ (a). The values (λ = 10 μM− 1 s− 1, μ = 1 s− 1) were chosen (but not optimized in any systematic manner) to reproduce in a qualitative manner the kinetic onset of GS967 binding during a prolonged depolarization, and to qualitatively reproduce the kinetics of recovery from inactivation. Predictions of the model in response to typical IV protocol are shown in B and C for channel with no persistent currents (“WT”) and in D and E for a channel with 5% persistent currents without (b, d) or with 5 μM GS967 (c, e). Panels E shows simulated results for the indicated conditions for the recovery from inactivation at − 90 mV (symbols) overlaid with single exponentials fits (without GS967) and double exponential fits (with GS967), respectively




To this end we used a single compartment neuronal model as described in [10, 11] (see Methods for details) to assess the excitability as well as the overall K+ and Na+ current size during action potential firing. For a “WT” neuron, injection of 120 pA was necessary to elicit the first action potentials, and 140 pA triggered a continuous train of action potentials (Fig. 6a). Application of 5 μM GS957 slightly reduced excitability (Fig. 6b, left), but had only a modest effect on the size the associated ion currents (Fig. 6b, right panels). Note that the Na+ current is characterized by two peaks, corresponding to the depolarization and repolarization phases of the action potential, respectively. Increasing the percentage of the persistent current to 5% slightly increased excitability in that already injection of 120 pA led to continuous action potential bursting (Fig. 6c, left). Interestingly however, the ionic currents associated with each action potential were dramatically increased (Fig. 6c, right). For the Na+ current, the increase regarded mostly the second peak associated with repolarization. Again, application of 5 μM GS957 slightly decreased excitability (Fig. 6d, left). In addition GS967 led to a large reduction of the ionic currents associated with AP firing (Fig. 6d, right), acting mostly on the second peak of the Na+ current. The effect of GS967 on the overall charge transport associated with the action potential train is illustrated in Fig. 6e, which shows the integrated K+ current over a time period of 400 ms as a function of the injected current. An increase of the persistent current to 5% leads to a large increase in the K+ charge needed to repolarize the action potentials. Application of 5 μM GS967 dramatically reduces the K+ charge in mutated neurons to almost WT levels in the absence of GS967.
[image: A10194_2019_1056_Fig6_HTML.png]
Fig. 6Simulation of neuronal firing. A single compartment neuron was simulated with the program Neuron as described in methods, with a “WT” like Na+ channel (without persistent currents) and with a Na+ channels with 5% persistent currents, each in the absence and presence of GS967. Each pane (a-d) shows on the left the membrane potential as a function of time for current injections of 120 and 140 pA, and on the right the K+ and Na+ currents of a single action potential. In panel e the integrated K+ efflux during the 400 ms stimulation period is shown as a function of the injected current for the indicated conditions






Discussion
Our work concludes the investigation of all 12 so far identified FHM3 mutations in heterologous expression systems. We can now conclude that, among other small changes, for most mutations one or more gating parameters associated with the inactivation process are affected significantly in varying proportions, leading to reduced inactivation [2, 6–14]. In addition to defects in inactivation, some mutations were associated with a reduced expression level, including L1649Q and L1670 W [8, 10, 13, 14]. We now add the I1498M mutation to this list. In both HEK cells and oocytes only very small current levels could be detected for this mutant precluding a detailed functional analysis. From the few recordings we could obtain we can exclude that the mutant exhibits a large increase in persistent currents (see Fig. 2). However, more detailed analysis would be necessary to detect more subtle changes. Interestingly, the mutants L1649Q and L1670 W, which produce only small currents in HEK cells [8, 10, 13, 14], resulted in sizable current levels in oocytes, possibly caused by the lower incubation temperature. Unfortunately, this was not true for the I1498M mutant. In principle the small currents seen with mutation I1498M could be caused by a reduction of the single channel conductance, even though this is a priori not likely given that the affected residue is not close to the pore. Unfortunately, the currents were too small to allow a reliable estimate of the single channel conductance non-stationary noise analysis. In vivo studies of animal models will be needed to find out the degree of reduction of expression levels in the nervous system for the mutations with reduced expression in heterologous systems.
Defects in inactivation are predicted to result in hyperexcitability of interneurons as indeed suggested by previous simulations of neuronal firing [9–11, 13]. However, it is unclear if the increased hyperexcitability itself, i.e. increased firing rates, are responsible for the insurgence of migraine attacks. A further mechanism that could contribute to the triggering of migraine was suggested by the simulations of neuronal firing performed here. While the 3-conductance model used can reproduce trains of action potentials, it is clearly an extreme simplification of mammalian neuronal function. Therefore, the simulation results have no “literal” significance for a real neuron. Nevertheless, we found that introducing persistent currents leads to a dramatic increase of ion movements during the repolarization phase of the action potential. This is intuitively clear as a persistent Na+ conductance will lead to continuous Na+ inflow and consequently K+ outflow needed to repolarize the membrane potential. The increase in transmembrane ion movements is predicted to have two consequences. First, the extracellular K+ concentration will rise more than it would normally do during repetitive firing. Such an increase in extracellular K+ could be directly linked to the insurgence of spreading depression and migraine. More indirectly, increased K+ efflux and increased Na+ influx will increase the energy demands on the firing neuron itself and on surrounding astrocytes, needed to pump the excess K+ ions back into the intracellular space. If the energy demand exceeds the mitochondrial capacity of neurons / astrocytes, extracellular K+ will accumulate even more, resulting possibly in a catastrophic positive feedback loop. The effect might be attenuated by accumulation of intracellular Na+, which could lead to a reduction of persistent currents. However, as neurons are programmed to keep intracellular Na+ low, accumulation of Na+ actually adds to the energy burden. In this regard it is noteworthy that Hu et al. [41] found that the K+ and Na+ channels in fast spiking GABAergic interneurons, which are assumed to express predominantly SCN1A, are finely tuned to minimize the overlap of depolarizing Na+ current and repolarizing K+ current in order to minimize the energetic cost of action potential firing.
Late Na+ current blockers like ranolazine and GS967 have been proposed to be beneficial for treating patients that harbor inactivation deficient mutations in the cardiac SCN5A channels [17]. Ranolazine is certainly an interesting compound that has been shown to cross the blood-brain barrier [42]. Here, as a first attempt, since we are dealing with a neurological disease, we chose to test GS967, because this compound had been shown to reduce anomalous persistent currents in two mouse models affected by a severe encephalopathy (Nav1.6) and by Dravet syndrome (Nav1.1), respectively. In the latter case, GS967 significantly increased survival of affected animals [21, 23]. From these in vivo experiments, we could reasonably assume that GS967 permeates the blood-brain barrier as well and for this reason could be advantageous in FHM3 treatment.
We report for the first time that GS967 binds to Nav1.1 and potently and rather specifically inhibits the persistent current of FHM3 mutants with smaller effects on the peak currents for all mutants tested. Interestingly, residue F1774 (mutated here to S) corresponds to F1760 in SCN5A which has been implicated in local anesthetics binding [3]. However, Potet et al. found that F1760 is not essential for GS967 effects in SCN5A [40], in agreement with the potent reduction of persistent currents of F1774S seen here, suggesting that GS967 binds to a different site than local anesthetics.
Overall, the kinetic effects of GS967 are well explained by a preferential binding to the inactivated state of the channel, and indeed the recovery from inactivation is dramatically slowed by the drug. The effects found here are qualitatively very similar to those described for the cardiac Na+ channel [40]. These authors concluded that GS967, in addition to effects on fast inactivation, also alters slow inactivation [40]. However, possible effects on slow inactivation are confounded by the very slow recovery from fast inactivation. We could well model the effects of GS967 in a qualitatively manner for a WT like situation and for a situation with large persistent currents by the simplifying assumption that GS967 exclusively binds to the inactivated state, and, unless it dissociates, prevents recovery from inactivation. Using this model in a neuronal firing simulation suggested that application of GS967 could strongly reduce the above mentioned large ionic movements induced by large persistent currents.

Conclusions
Our results support the hypothesis that FHM3 is caused by hyperactivity of the Nav1.1 channel due to a defect in the inactivation process and that GS967 may have beneficial effects inhibiting Nav1.1 persistent currents, which are greatly increased in FHM3 mutations. A preclinical testing of GS967 could be a valid approach to explore specific pharmacological treatment of FHM3. Genetic hemiplegic migraines are rare in themselves, but share many molecular mechanisms with the more common forms of migraine with or without aura. Thus, any compound that turns out to be a remedy for FHM3 could also have a therapeutic effect on common forms of migraine that affect a very large number of patients.
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