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Sudden unexpected death in epilepsy (SUDEP) accounts for the deaths of 8–17% of patients with epilepsy. Although the mechanisms of SUDEP are unknown, one proposed mechanism is abnormal control of the heart by the autonomic nervous system (ANS). Our objective was to determine whether the broad changes in ictal heart rate experienced by mouse models of SUDEP are (1) due to the ANS and (2) contribute to seizure-induced death. Seizures were induced by electrical stimulation of the hippocampus of a mouse carrying the human SCN8A encephalopathy mutation p.Asn1768Asp (N1768D; “D/+ mice”). Using standard autonomic pharmacology, the relative roles of the parasympathetic and sympathetic nervous systems on heart rate changes associated with seizures were determined. All induced seizures had pronounced ictal bradycardia and postictal tachycardia. Seizure susceptibility or severity were unchanged by the pharmacological agents. Administration of Atropine, a muscarinic antagonist, eliminated ictal bradycardia, while carbachol, a muscarinic agonist, had no effect on ictal bradycardia, but reduced postictal tachycardia. Sotalol, an adrenergic β-receptor antagonist, had no effect on ictal bradycardia, but did suppress postictal tachycardia. Isoproterenol, a β-receptor agonist, had no effect on either ictal bradycardia or postictal tachycardia. Administration of the α1-receptor antagonist prazosin increases the incidence of seizure-induced death in D/+ mice. Although postictal heart rate was lower for these fatal seizures in the presence of prazosin, rates were not as low as that recorded for carbachol treated mice, which all survived. Both ictal bradycardia and postictal tachycardia are manifestations of the ANS. Bradycardia is mediated by a maximal activation of the parasympathetic arm of the ANS, and tachycardia is mediated by parasympathetic inactivation and sympathetic activation. While the changes in heart rate during seizures are profound, suppression of postictal heart rate did not increase seizure mortality.
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INTRODUCTION

Sudden unexpected death in epilepsy (SUDEP) is defined as the sudden, unexpected, non-traumatic, and non-drowning death of a person with epilepsy for which postmortem examination does not reveal another cause of death (Nashef et al., 2012). SUDEP is the most common cause of death associated with epilepsy, accounting for between 8 and 17% of all epilepsy-related deaths (Terra et al., 2013). This number can increase to 50% in patients with poorly controlled seizures (Devinsky, 2011; Tolstykh and Cavazos, 2013).

Considering the diverse patient population affected, SUDEP is likely influenced by multiple factors; however, in all cases the final event that causes death is likely to be cardiac and/or respiratory failure. Cardiac dysfunction has long been considered a likely cause of death, as arrhythmias are the cause of many other forms of sudden death (Huikuri et al., 2001; Srinivasan and Schilling, 2018), cardiac rhythm disturbances are often associated with seizures (Schraeder and Lathers, 1989; Nashef et al., 1996; Langan et al., 2000; So et al., 2000), and some long QT gene mutations have been linked to SUDEP (Johnson et al., 2009; Tiron et al., 2015; Auerbach et al., 2016; Smith, 2016).

In the study known as MORTEMUS, in which several patients who died from convulsive seizures had cardiorespiratory recordings, it was observed that bradycardia preceded death (Ryvlin et al., 2013). Bradycardia during and after fatal seizures has also been observed in animal models of epilepsy, including in anesthetized cats (Wasterlain, 1974), and a number of mouse models of epilepsy (Kalume et al., 2013; Aiba and Noebels, 2015; Aiba et al., 2016; Nakase et al., 2016; Kim et al., 2018; Loonen et al., 2019), including mice with Scn8a mutations used in the present study (Frasier et al., 2016; Wengert et al., 2021; Wenker et al., 2021).

The central nervous system exercises significant control of cardiac function via both branches of the ANS: the sympathetic and parasympathetic. Ictal bradycardia has been observed in a number of animal models of epilepsy (Wasterlain, 1974; Doba et al., 1975; Goodman et al., 1990, 1999; Kalume et al., 2013; Aiba and Noebels, 2015; Aiba et al., 2016; Kim et al., 2018; Dhaibar et al., 2019; Loonen et al., 2019; Wengert et al., 2021; Wenker et al., 2021). The use of muscarinic antagonists has demonstrated that this bradycardia is due to activation of the parasympathetic nervous system in anesthetized cats (Doba et al., 1975) and in kindled rats (Goodman et al., 1990, 1999).

However, very few studies have directly addressed the role of the ANS during seizures in the context of SUDEP. In mouse models of Dravet Syndrome—a form of pediatric epilepsy with high incidence of SUDEP (Dravet, 2011; Sakauchi et al., 2011)—atropine prevented bradycardia during thermally induced fatal seizures (Kalume et al., 2013; Kim et al., 2018). However, atropine also prevented death in these mice, even when administered intracerebroventricularly, making it is difficult to know whether atropine’s prevention of bradycardia was due to inhibition of parasympathetic input to the heart or some other mechanism.

In the present study, we use a mouse model of SUDEP in which mice harbor a mutation in the gene Scn8a (Wagnon et al., 2015). We have previously demonstrated that these mice experience tonic seizures with ictal bradycardia, which if continues postictal, results in fatality (Wengert et al., 2021; Wenker et al., 2021). We utilize the ability to stimulate non-fatal seizures on command that are phenotypically nearly identical to the often-fatal spontaneous seizures. We hypothesized that ictal bradycardia was due to stimulation of the parasympathetic nervous system and postictal tachycardia was due to simultaneous reduction of the parasympathetic and stimulation of the sympathetic arms of the ANS. Using standard pharmacology of the ANS, we demonstrate that (1) ictal bradycardia is due to maximal activation of the parasympathetic innervation of the heart; (2) postictal tachycardia is due to simultaneous parasympathetic reduction and sympathetic stimulation; and (3) while continued bradycardia occurs after a fatal seizure, pharmacologically induced bradycardia is not sufficient to cause seizures to become fatal.



MATERIALS AND METHODS


Mouse Husbandry and Genotyping

All mice were cared for and used in accordance with the Animal Care and Use Committee standards of the University of Virginia (Protocol #3308). Mice were housed in a temperature and humidity-controlled vivarium with a standard 12-h light/dark cycle with food and water ad libitum. A colony of transgenic mice harboring the N1768D mutation in a single Scn8a allele were maintained by breeding mice heterozygous for the mutation (D/+) with C57BL/6J mice (Jax #000664). D/+ mice have increased mortality, with about half experiencing SUDEP prior to 10 months of age, and are reported to have 0–3 seizures per day (Wagnon et al., 2015). A total of 15 resultant D/+ mice were used for all experiments. Both male and female D/+ mice were used in roughly equal numbers between the ages of 8–10 weeks, and no sex differences were observed for any of the experiments. Genotyping of D/+ mice was performed as previously described (Wagnon et al., 2015).



Surgical Preparation

Custom electrocorticogram (ECoG)/electrocardiogram (ECG) headsets (PlasticsOne, Inc., or Pinnacle Technology Inc.) were implanted in 6–10-week-old D/+ mice using standard aseptic surgical techniques as we have done previously (Wengert et al., 2021; Wenker et al., 2021). Anesthesia was induced with 5% and maintained with 0.5–3% isoflurane. Adequacy of anesthesia was assessed by lack of toe-pinch reflex. A midline skin incision was made over the skull, and burr holes were made at the lateral/rostral end of both the left and right parietal bones to place EEG leads, and at the interparietal bone for reference electrode. Two twisted wire leads were implanted into the left hippocampus at coordinates 3 mm caudal, 3 mm lateral, and 3 mm ventral of bregma. Two ECG leads were passed subcutaneously to the left abdomen and right shoulder and sutured into place to approximate a lead II arrangement. The headsets were attached to the skull with dental acrylic (Jet Acrylic; Lang Dental). Mice received postoperative analgesia with ketoprofen (5 mg/kg, i.p.) and 0.9% saline (0.5 ml i.p.) and were allowed to recover a minimum of 5 days prior to experiments.



Recording of ECoG, ECG, and Breathing

Recording of ECoG, ECG, and breathing was performed as previously described (Wengert et al., 2021; Wenker et al., 2021). Plethysmography chambers were built to comply with requirements for continuous housing described in the Guide for the Care and Use of Laboratory Animals (Council, 2011). The floor of the chambers had approximate dimensions of 4.5 × 4.5 inches (>20 sq. inches) and 7 inches tall. There were ports for air in and air out, and for pressure monitoring. The chamber was supplied with a continuous flow of room air at approximately 400 ml/min via supply and exhaust air pumps (MK-1504 Aquarium Air Pump; AQUA Culture) balanced to maintain chamber pressure near atmospheric. Mice had access to a continuous supply of water and food. The surgically implanted headsets were attached to a custom low torque swivel cable, allowing mice to move freely in the chamber. To assess breathing frequency, the pressure of the EMU chamber was measured with an analog pressure transducer (SDP1000-L05; Sensirion). ECoG and ECG signals were amplified at 2000 and bandpass filtered between 0.3–100 and 30–300 Hz, respectively, with an analog amplifier (Neurodata Model 12, Grass Instruments Co.). Biosignals were digitized with a Powerlab 16/35 and recorded using LabChart 7 software (AD Instruments, Inc.) at 1 kS/s. Video acquisition was performed by multiplexing four miniature night vision-enabled cameras and then digitizing the video feed with a Dazzle Video Capture Device (Corel, Inc.) and recording at 30 fps with LabChart 7 software in tandem with biosignals.



Spontaneous and Stimulated Seizure Recording

Four 8–10 week-old D/+ mice were used for chronic recording of seizures. The mice were housed in the plethysmography chambers 24 h a day and provided with water and food ad libitum as we have previous described (Wengert et al., 2021; Wenker et al., 2021). A separate cohort of eleven 8–10 week-old D/+ mice were used to induce seizures on command via stimulation of two hippocampal leads connected to an isolated pulse stimulator (Model 2100, A-M Systems, Inc.). Mice to be simulated were placed in the chamber 30–60 min prior to stimulation. Stimulations were 2 s trains of 1 ms biphasic current pulses at 50 Hz. Stimulations were repeated every 60 s with increased current amplitude (10–600 μA) until a seizure was produced. The final current amplitude that produced a seizure was recorded as the after-discharge threshold (ADT) for that stimulation. All stimulated seizures were performed between 10 a.m. and 3 p.m. and mice were allowed at least 2 recovery days in between seizure stimulations. All spontaneous and stimulated seizures were behaviorally and electrographically tonic seizures, as previously described for spontaneous seizures in these mice (Wengert et al., 2021; Wenker et al., 2021), and as depicted in Figure 1.
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FIGURE 1. Spontaneous and electrically induced seizures have similar semiology. Both spontaneous (A) and HC stimulated (B) seizures involved cortical spike-wave discharges, a prolonged tonic phase noted by large amounts of EMG activity, apnea, and bradycardia. (A) Recording of ECoG, ECG, and plethyismography (pleth) from a D/+ mouse during a spontaneously occurring seizure. (A1–A3) Prior to the spontaneous seizure, heart rate was normal (∼500 bpm; A1). Toward the end of the seizure, R-waves can be identified above the muscle activity and bradycardia is apparent (A2). After the seizure, tachycardia relative to the pre-ictal period is observed (A3). Y-axis scale for (A1–A3) is the same as for (A) and time scale depicted in (A2) is the same for (A1,A3). (B) Identical semiology is observed during seizures due to electrical stimulation of the hippocampus (HC). (B1–B3) HC stimulated seizures also experienced bradycardia during and tachycardia after the seizure. Y-axis scale for (B1–B3) is the same as for (B) and time scale depicted in (B2) is the same for (B1,B3). At total of 17 spontaneous seizure were recorded from 4 mice (data in black) and 18 electrically stimulated seizures were recorded from 9 mice (data in blue). (C) Heart rate decreased sharply during both spontaneous and HC stimulated seizures. Pre-ictal heart rate was higher for HC stimulated seizures (p = 0.0010, t = 3.593, df = 33, d = 1.22). (D) Similarly, breathing ceased during both types of seizures, but pre-ictal breathing for HC stimulates seizures was elevated compared to the same time period of spontaneous seizures (p = 0.0048, u = 69, d = 0.98). (E) No difference in timing of the tonic phase relative to ECoG ictal activity (p = 0.9818, u = 95). (F) Compared to spontaneous seizures, HC stimulated seizures (Stim) were shorter in duration (p = 0.0001, u = 18, d = 1.74), and (G) had longer apnea duration (p = 0.0029, unpaired t-test, t = 3.222, df = 33, d = 1.10). **p < 0.01 and ***p < 0.001.




Breathing and Heart Rate Detection

Individual breaths and heart beats were identified as inspiratory deflections in the pressure transducer signal and R waves in the ECG signal, respectively, using Spike2 software (Cambridge Electronic Design, Ltd.), as previously reported (Wengert et al., 2021; Wenker et al., 2021). Briefly, a breath was scored when the downward deflection went below a certain hysteresis value determined by the experimenter and rose back above a threshold of 0 mV. The minimum time between breaths was set to 0.05 s. Similarly, an R wave was identified when an upward deflection crossed a threshold value determined by the experimenter. The minimum time between R waves was set to 0.02 s. All breaths and R waves were verified by the experimenter.



Heart Rate Variability Analysis

Sequential RR intervals were exported from Spike2 and imported into MATLAB for analysis as previously described (Piskorski and Guzik, 2007). Poincare plots (examples in Supplementary Figure 1) were made for every minute of recording and geometric mean standard deviations (SD1 and SD2) values.

Equations used for SD1 and SD2 were:
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where n = total number of RR intervals, xc = mean RRn, and yc = mean RRn+1.



Pharmacology

All chemicals were purchased from Sigma Aldrich and were either of pharmaceutical grade or were sterile filtered prior to injection. Injections were given intraperitoneal in a volume of 5 μl sterile saline per mg of mouse weight (e.g., 0.1 ml for a 20 mg adult mouse). The concentration of each drug was based on the achieving the desired dosages of 1 mg/kg atropine, 0.5 mg/kg carbachol Cl, and 10 mg/kg sotalol HCl, 50 mg/kg isoproterenol HCl, and 1 mg/kg prazosin HCl. Injection of 5 μl sterile saline per mg of mouse weight was used as control.



Statistical Analysis

All data points denote biological replicates (i.e., no animal was used more than once for the same test), except for data comparing spontaneous and electrically stimulated seizures (Figure 1), which are technical replicates and the animal numbers are reported in the Figure 1 legend. All average data values are mean ± SEM. Statistics were computed using GraphPad Prism version 9 (GraphPad Software, Inc.) and comparisons were considered statistically detectable when P < 0.05. All data was evaluated for normality of residuals by the Shapiro-Wilk test prior to selecting a statistical test. Differences between two groups that passed normality testing were assessed by unpaired, 2-tailed Student’s t-test and differences between two groups that did not pass normality testing were assessed by Mann-Whitney test. Differences between more than two groups were assessed by 1- or 2-Way ANOVA followed by Tukey’s or Sidak’s multiple comparison tests, respectively. All data assessed by ANOVA passed normality testing. Comparison of survival proportions were done using a one-sided Fisher’s exact test. Effect size is reported as Cohen’s d1 for all significant comparisons of two groups.




RESULTS


Comparison of Stimulated and Spontaneous Seizure Phenotypes

In order to administer autonomic agents proximal to seizures, we needed to temporally control seizure occurrence in our mice. To accomplish this, we used hippocampal electrical stimulation protocols similar to those used in kindling experiments to reliably, and repeatedly, induce seizures on command in D/+ mice. We compared cardiac and respiratory parameters between these electrically stimulated seizures and the spontaneous seizures experienced by D/+ mice (Figure 1). Both spontaneous and stimulated seizures had similar peri-ictal semiology and were qualified as tonic seizures; they were dominated by an extended tonic phase noted by hindlimb extension, large amounts of EMG activity, and apnea (Figures 1A,B). Pre-ictal heart rate was normocardic (i.e., between 500 and 600 bpm) for both seizure types (Figures 1A1,B1), and was followed by ictal bradycardia (Figures 1A2,B2) and postictal tachycardia (Figures 1A3,B3). Both spontaneous and stimulated seizures had apnea that was coincident with the tonic phase (Figures 1A2,B2). Overall, heart rate (HR) and respiratory frequency (Rf) were very similar (Figures 1C,D), with the exception that both parameters were elevated immediately prior to stimulated seizures for HC stimulated mice. We attribute this to the fact that HC stimulated mice were placed in the chamber shortly before stimulation and the experimenters were present and adjusting the chambers during the entirety of the experiment, likely causing an increased state of arousal in the mice. All recorded spontaneous seizures occurred when experimenters were absent. The relative timing of the ECoG and tonic phase initiation was different between the seizure types (Figure 1E). However, both the ictal and apnea durations of stimulated seizures were shorter than those of spontaneous seizures (Figures 1F,G). Thus, while spontaneous and HC stimulated seizures have some differences, the behavioral classification and cardiorespiratory parameters are essentially identical, making them suitable for the current study.



Evaluation of Autonomic Pharmacology

Pharmacological agents used to manipulate β-adrenergic (i.e., 10 mg/kg sotalol and 50 mg/kg isoproterenol) and cholinergic muscarinic receptors (i.e., 1 mg/kg atropine and 0.5 mg/kg carbachol) were dissolved in sterile saline and injected intraperitoneal 10–15 min prior to successful seizure stimulation. The timing and dosages were chosen based on preliminary results (data not shown) and previous reports demonstrating successful blockade and stimulation of the receptors (Rose et al., 2007; Zhan et al., 2009; Benes et al., 2012; Kim et al., 2018; Wengert et al., 2021). Based on preliminary experiments where these agents were injected i.p. and heart rate was monitored (data not shown), it was determined that the optimal time to stimulate seizures was 10–15 min after injection. To assess drug effectiveness immediately prior to electrical seizure stimulation, we compared the geometric mean and standard deviations (SD1 and SD2) of the RR interval prior to seizure stimulation (Supplementary Figures 1A–C). Sinus arrhythmia is the main source of heart rate variability and is dependent on cardiac muscarinic receptors (Billman, 2011). As expected, when atropine (1 mg/kg i.p.) was administered, SD1 and SD2 decreased, in addition to a non-statistically significant RR decrease (Supplementary Figure 2A).

Conversely, the muscarinic agonist, carbachol (0.5 mg/kg i.p.), more than doubled the RR interval and increased SD1 and SD2 (Supplementary Figure 2B). Although it did not reach our statistical threshold of α = 0.05, as expected sotalol (10 mg/kg i.p.) increased and isoprenaline (50 mg/kg i.p.) decreased RR interval (Supplementary Figures 2C,D).

We administered high doses of the pharmacological agents to ensure that blockade and activation of the receptors was maximal. At these dosages, many of the agents may have central, in addition to peripheral affects. An advantage to our approach of electrical stimulation was the ability to determine ADTs generated under different drug conditions. None of the agents used had any noticeable effect on seizure threshold (Supplementary Figure 3A). In addition, seizure duration, as measured from first to last cortical spike wave, was not detectably affected (Supplementary Figure 3B). Taken together, the autonomic pharmacology had minimal effect on seizure semiology.



Parasympathetic Drive to the Heart Is Maximized During the Tonic Phase

To assess the role of the parasympathetic nervous system in peri-ictal heart rate fluctuations, we administered either atropine (1 mg/kg i.p.), carbachol (0.5 mg/kg i.p), or saline control 10–15 min prior to seizure stimulation. The behavioral phases of the seizures were identical between the treatment groups, with initial wild running followed by a prominent tonic phase (Figures 2A,B). The tonic phase was coincident with apnea and a large amount of muscle activity apparent in the ECG recording. To estimate the heart rate during the seizure, we assessed the heart rate at the very end of the tonic phase, where R waves could be detected above the muscle activity (Figures 2A1,B1,C1). After injection with saline, heart rate at this time point showed clear ictal bradycardia (∼200 bpm), which developed into postictal tachycardia (∼650 bpm) within several seconds (Figure 2D, black line). Atropine treatment detectably increased ictal HR (Figure 2E). Conversely, carbachol had minimal effect on ictal HR but decreased postictal HR (Figure 2F).
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FIGURE 2. Parasympathetic activity is maximally activated during seizures. (A–C) ECoG, ECG, and breathing recordings during HC stimulated seizures 10–15 min after injection of saline (A), atropine (1 mg/kg i.p.; B), or carbachol (0.5 mg/kg; C). (A1,B1,C1) Expanded ECG traces from end of tonic phase (dotted boxes in A–C). Note the frequency of R-waves is initially low for the saline, but not for the atropine condition. * Indicates identified R-waves. (D) Mean (lines) and SEM (shaded) of heart rate for 20 s after the tonic phase ended for saline (black), atropine (orange), or carbachol (blue) conditions. (E) Atropine increased heart rate during the seizure, but did not affect the postictal peak (p = 0.0006 and 0.2865, and d = 11.09 and 1.14, respectively; Sidak’s multiple comparison after significant 2-way ANOVA, p < 0.0001, F(1, 5) = 407.6, n = 6 mice). (F) Carbachol did not affect heart rate during the seizure, but did cause a detectable lower postictal peak (p = 0.5752 and < 0.0001, and d = 0.38 and 5.15, respectively; Sidak’s multiple comparison after significant 2-way ANOVA, p < 0.0001, F(1, 5) = 208.8, n = 6 mice). ***p < 0.001 and ****p < 0.0001.




Sympathetic Drive to the Heart Is Maximized During the Postictal Phase

To assess the role of the sympathetic nervous system in peri-ictal heart rate fluctuations, we administered either sotalol (10 mg/kg i.p.), isoproterenol (50 mg/kg i.p), or saline control 10–15 min prior to seizure induction. Once again, the behavioral phases of the seizures were identical between the treatment groups, with initial wild running followed by a prominent tonic phase (Figures 3A–C). To estimate the heart rate during the seizure, we assessed the heart rate at the very end of the tonic phase, where R waves could be detected above the muscle activity (Figures 3A1,B1,C1). After injection with saline, heart rate at this time point showed clear ictal bradycardia (∼200 bpm), which developed into postictal tachycardia (∼650 bpm) within several seconds (Figure 3D, black line). Sotalol treatment had a negligible effect on ictal HR but reduced postictal HR (Figure 3E). Isoproterenol had minimal effect on either ictal or postictal HR (Figure 3F).
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FIGURE 3. Sympathetic activity is maximally activated postictal. (A–C) ECoG, ECG, and breathing recordings during a HC stimulated seizure 10–15 min after injection of saline (A), sotalol (10 mg/kg; B), or isoproterenol (50 mg/kg; C). (A1,B1,C1) Expanded ECG traces from end of tonic phase (dotted boxes in A–C). (D) Mean (lines) and SEM (shaded) of heart rate for 20 s after the tonic phase ended for saline (black), sotalol (green), or isoproterenol (purple) conditions. (E) Sotalol had no detectable effect on heart rate during the seizure, but did decrease the postictal peak (p = 0.6796 and 0.0471, and d = 0.53 and 2.89, respectively; Sidak’s multiple comparison after significant 2-way ANOVA, p = 0.0222, F(1, 5) = 10.68, n = 6 mice). (F) Isoproterenol had no effect on heart rate during or after the seizure (p = 0.9811 and 0.6632, respectively; Sidak’s multiple comparison test after 2-way ANOVA, p = 0.8905, F(1, 4) = 0.0215, n = 5 mice). *p < 0.05.




Autonomic Pharmacology Has Minimal Effect on Breathing

In both spontaneous and stimulated seizures breathing was compromised during the tonic phase (Figure 1). We compared pre-ictal and postictal respiratory frequency (Rf) and ictal apnea duration for the parasympathetic (Figure 4A) and sympathetic (Figure 4E) pharmacological agents. For the parasympathetic agents atropine and carbachol, there was no effect on pre-ictal or postictal Rf (Figures 4B,C). Interestingly, apnea was moderately longer for atropine-treated mice compared to control (Figure 4D). For the sympathetic agents sotalol and isoproterenol, neither pre-ictal Rf, postictal Rf, or apnea duration were noticeably different compared to saline control (Figures 4F–H).
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FIGURE 4. Autonomic agents had minimal impact on peri-ictal breathing. (A) Mean (lines) and SEM (shaded) of peri-ictal breathing rate when saline (black), atropine (orange, n = 6 mice), or carbachol (blue, n = 6 mice) was injected 15 min prior to seizure stimulation. (B,C) No difference in breathing rate was observed either prior to or after stimulated seizures for atropine (treatment factor of 2-way ANOVA, p = 0.9147, F(1, 11) = 0.0120) or carbachol (treatment factor of 2-way ANOVA, p = 0.0924, F(1, 5) = 4.315) treatments compared to saline. (D) Tonic phase apnea duration was increased by atropine (p = 0.0350, paired t-test, t = 2.869, df = 5, d = 1.66) but not carbachol (p = 0.0671, paired t-test, t = 2.331, df = 5, d = 1.15) treatments increased. (E) Mean (lines) and SEM (shaded) of peri-ictal breathing when saline (black), sotalol (green, n = 6 mice), or isoproterenol (purple, n = 5 mice) was injected 15 min prior to seizure stimulation. (F,G) No difference in breathing rate was observed either prior to or after stimulated seizures for sotalol (treatment factor of 2-way ANOVA, p = 0.5506, F(1, 5) = 0.4091) or isoproterenol (treatment factor of 2-way ANOVA, p = 0.1626, F(1, 4) = 2.920) treatments compared to saline. (H) Tonic phase apnea duration was not affected by either sotalol (p = 0.2302, paired t test, t = 1.366, df = 5) or isoproterenol (p = 0.7617, paired t-test, t = 0.3247, df = 4). *p < 0.05.




Postictal Bradycardia Is Not Sufficient to Produce Death

As we previously observed with audiogenic seizures in the D/+ mice (Wengert et al., 2021), administration of the α1 adrenergic receptor-antagonist prazosin (1 mg/kg i.p.) significantly increased the likelihood of seizure-induced death (Figure 5). Prazosin injection 10–15 min prior to seizure stimulation detectably increased fatality of seizure; 6 of 8 prazosin-injected mice died compared to zero out of 20 mice injected with saline with similar timing (p < 0.0001; Fisher’s Exact Test). Once again similar to our previous findings for both spontaneous audiogenic seizures in Scn8a mutant mouse models (Wengert et al., 2021; Wenker et al., 2021), breathing ceased during the tonic phase of electrically stimulated seizures in D/+ mice, and death occurred when breathing did not immediately recover postictally (Figure 5C). Postictal recovery of heart rate was muted for prazosin-injected fatal seizures (Figure 5D). Although postictal peak heart rate was less in both Prazosin and carbachol treated mice (Figure 5E), only prazosin treatment resulted in seizure fatality (Figure 5F).
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FIGURE 5. Blockade of alpha-1 adrenergic receptors drives non-fatal seizures into fatal seizures. (A,B) ECoG, ECG, and breathing recordings during an HC stimulated seizure after injection of saline (A) or prazosin (1 mg/kg; B). (C) Mean (lines) and SEM (shaded) of peri-ictal breathing rate when saline (black, n = 4), prazosin survival (green, n = 2), prazosin fatal (maroon, n = 4), or carbachol (blue, n = 5) was injected 15 min prior to seizure stimulation. (D) Mean (lines) and SEM (shaded) of peri-ictal heart rate when saline (black), prazosin (green for survival and purple for fatal), or carbachol (blue) was injected 15 min prior to seizure stimulation. (E) Peak postictal heart rate was lower for seizures induced after injection of prazosin or carbachol compared to saline (p = 0.0028 and p < 0.0001, and d = 2.53 and 4.57, respectively; Tukey’s multiple comparison test after 1-way ANOVA, p < 0.0001, F(2, 11) = 25.96). (F) Proportion of fatal and non-fatal seizures under conditions of prazosin and carbachol injection (p = 0.0097, Fisher’s Exact Test). **p < 0.01 and ****p < 0.0001.





DISCUSSION

We demonstrate that ictal bradycardia is due to maximal stimulation of the parasympathetic nervous system and postictal tachycardia is due to both reduction of the parasympathetic and stimulation of the sympathetic nervous systems. Furthermore, although we have previously shown that postictal tachycardia is associated with seizure survival (Wenker et al., 2021), preventing recovery of the postictal heart rate is not sufficient to cause fatality.


Autonomic Mechanisms of Peri-Ictal Changes in Heart Rate

Ictal bradycardia is proposed to be due to activation of the parasympathetic nervous system, and is implicated in SUDEP (Benditt et al., 2015). Earlier work in anesthetized cats (Doba et al., 1975) and in kindled rats (Goodman et al., 1990, 1999), found that atropine could prevent ictal bradycardia. The studies in kindled rats observed bradycardia develop as seizures developed to Racine Stage 2. For the same seizures, the authors also reported ictal hypertension that was somewhat concurrent with bradycardia, which was attributed to simultaneous activation of both arms of the ANS (Doba et al., 1975; Goodman et al., 1990, 1999). However, the seizures described in these studies were never described as tonic, unlike seizures in the D/+ mice, and did not appear to produce apnea, although it was not measured. Still, it is possible that simultaneous sympathetic and parasympathetic activity occurs during the electrically stimulated seizures experienced by our D/+ mice. We did not record blood pressure in the present study, and the effect of parasympathetic activation of the SA node could override that of the sympathetic activation, which is a phenomenon known to occur when parasympathetic activity is high (Levy and Zieske, 1969; Yang and Levy, 1984; Kawada et al., 1999). However, it is also possible that seizure spread to the brainstem specifically affects the parasympathetic system; the preganglionic parasympathetic neurons that control the heart are located in the brain, whereas preganglionic sympathetic neurons are located in the spinal cord. Furthermore, postictal sympathetic stimulation could be reflexive, that is, apnea and overexertion cause hypoxia/hypercapnia that drive reflexes that increase the sympathetic system activity (Guyenet, 2006).

Although the previous studies in cats and rats mentioned above are informative, they were performed in models with unknown relevance to SUDEP. In this study, we utilize a mouse model of SCN8A epileptic encephalopathy. The particular mutation (i.e., N1768D) in the Scn8a gene was originally identified from an SCN8A patient that died from SUDEP (Wagnon et al., 2015). Expression of this mutation recapitulates clinical features, including spontaneous convulsive seizures and seizure-induced death (Larsen et al., 2015; Wagnon et al., 2016). In addition, patients with SCN8A epilepsy often have bradycardia and even temporary asystole during tonic seizures (Trivisano et al., 2019; Negishi et al., 2021); precisely what we have observed during the tonic seizures of D/+ mice (Wengert et al., 2021; Wenker et al., 2021). Bradycardia and asystole have been observed in seizures of other etiologies as well (Nei, 2009). Thus, the results obtained in the current study are likely relevant to seizures experienced by many epilepsy patients.

We, and others, have previously reported the occurrence of bradycardia during convulsive seizures in mouse models of SUDEP (Kalume et al., 2013; Aiba and Noebels, 2015; Aiba et al., 2016; Kim et al., 2018; Dhaibar et al., 2019; Loonen et al., 2019; Wengert et al., 2021; Wenker et al., 2021). In studies utilizing Dravet Syndrome mouse models, muscarinic antagonists prevented both bradycardia and death from thermally induced seizures (Kalume et al., 2013; Kim et al., 2018). In these studies, it is difficult to know whether the prevention of bradycardia was due to inhibition of parasympathetic input to the heart or simply that the mice survived. In fact, in Kim et al. (2018) when atropine was administered i.c.v. bradycardia and death were still prevented, suggesting that bradycardia is a feature of death, not necessarily parasympathetic activity.



Autonomic Mechanisms of Seizure-Induced Death

Bradycardia has been proposed as a mechanism of seizure-induced death (Auerbach et al., 2013; Kalume et al., 2013). However, in our study, persistent bradycardia is not sufficient to produce death from a seizure. For example, suppression of heart rate with carbachol was not sufficient to produce death from electrically stimulated seizures. Furthermore, blocking of the sympathetic-induced tachycardia with sotalol did not prove fatal. This suggests that ictal cardiac function in isolation is not a major factor of whether a seizure will be classified as a fatal seizure or not.

As we have shown before with audiogenic seizures in D/+ mice (Wengert et al., 2021), administration of prazosin significantly reduces seizure survival. Prazosin is routinely used to inhibit sympathetic mediated increases in blood pressure (Stanaszek et al., 1983; Gross et al., 2005; Okuyama et al., 2018). A sympathetic-mediated increase in blood pressure could represent an important aspect of seizure survival. However, prazosin is also known to cross the blood brain barrier (Boehnlein and Kinzie, 2007; Taylor et al., 2008), and will also inhibit central α1 adrenergic receptors are important for arousal state (Perez, 2020), which have been implicated in seizure-induced death in other models (Kruse et al., 2019). Thus, based on our studies, it is unclear whether prazosin acts on central or peripheral adrenergic receptors to promote breathing recovery and survival.



Effect of Atropine on Seizure-Induced Apnea

We, and others, have previously shown that seizure-induced apnea is a factor in fatality in mouse models of SUDEP (Faingold et al., 2017; Kim et al., 2018; Wengert et al., 2021; Wenker et al., 2021). Several lines of evidence suggest respiratory arrest is a driving factor of SUDEP. Apnea and oxygen desaturation have been reported in a large percentage of patients during and after convulsive and non-convulsive seizures (Nashef et al., 1996; Bateman et al., 2008; Lacuey et al., 2018a,b; Vilella et al., 2019a,b), and in 9 cases of SUDEP with adequate postictal cardiorespiratory monitoring, terminal apnea occurred prior to terminal asystole (Ryvlin et al., 2013).

Currently, mechanisms of fatal apnea are lacking; however, in a model of Dravet Syndrome it was found that seizure-induced apnea could be prevented by administration of atropine in a way that implicates central muscarinic receptors (Kim et al., 2018). In our hands with the Scn8a mutant mice, this was not the case. D/+ mice still experienced seizure-induced apnea when Atropine was administered. This could reflect different mechanisms of apnea in different models, or that seizures were invoked in different ways: heat-induced in Dravet Syndrome mice vs. hippocampal-stimulated in Scn8a mutant mice.



Experimental Limitations

There are at least three limitations to our interpretations. First, we were only able to determine that persistent bradycardia was not sufficient to produce fatality from seizures. We could not validate whether it was necessary for fatal seizures, as we tested our hypotheses in a model where the induced seizures are routinely survived. Second, in the present study we only examined the ictal ECG of induced seizures. It remains possible that inter-ictal cardiac dysfunction plays a role in spontaneous seizure-induced death. Indeed, peri-ictal bradycardia was seen in two D/+ mice prior to spontaneous sudden death (Frasier et al., 2016). Third, ECG cannot determine the effectiveness of all cardiac function: for example, we do not know whether there is sufficient contraction and cardiac output. It is possible that these other forms of cardiac function play a role in mortality, and should be examined in future studies.




CONCLUSION

Our findings suggest that extreme peri-ictal changes in heart rate are due to fluctuations in autonomic activity. However, these changes and are not, in themselves, a determining factor for seizure mortality in a model of genetic epilepsy. We also find that blockade of α1-adrenergic receptors is sufficient to produce fatality from seizures that are normally survived. Considering the sympathetic nervous system is activated postictal in survived seizures and could be acting on α1-adrenergic receptors of the vasculature, future directions understanding autonomic control of blood pressure could be pertinent.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the University of Virginia Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

IW and MP secured funding, designed experiments, and co-wrote the manuscript. EB and PW performed experiments and analyzed the results. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the NIH National Institute of Neurological Disorders and Stroke grants R01 NS103090 and R01 NS1200702, and Citizens United for Research in Epilepsy.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.795145/full#supplementary-material


FOOTNOTES

1
https://www.socscistatistics.com/effectsize/default3.aspx


REFERENCES

Aiba, I., and Noebels, J. L. (2015). Spreading depolarization in the brainstem mediates sudden cardiorespiratory arrest in mouse SUDEP models. Sci. Transl. Med. 7:282ra46 LP. doi: 10.1126/scitranslmed.aaa4050

Aiba, I., Wehrens, X. H. T., and Noebels, J. L. (2016). Leaky RyR2 channels unleash a brainstem spreading depolarization mechanism of sudden cardiac death. Proc. Natl. Acad. Sci. 113, E4895–E4903. doi: 10.1073/pnas.1605216113

Auerbach, D. S., Jones, J., Clawson, B. C., Offord, J., Lenk, G. M., Ogiwara, I., et al. (2013). Altered cardiac electrophysiology and SUDEP in a model of dravet syndrome. PLoS One 8:e77843. doi: 10.1371/journal.pone.0077843

Auerbach, D. S., McNitt, S., Gross, R. A., Zareba, W., Dirksen, R. T., and Moss, A. J. (2016). Genetic biomarkers for the risk of seizures in long QT syndrome. Neurology 87, 1660–1668. doi: 10.1212/WNL.0000000000003056

Bateman, L. M., Li, C.-S., and Seyal, M. (2008). Ictal hypoxemia in localization-related epilepsy: analysis of incidence, severity and risk factors. Brain 131, 3239–3245. doi: 10.1093/brain/awn277

Benditt, D. G., van Dijk, G., and Thijs, R. D. (2015). Ictal asystole:life-threatening vagal storm or a benign seizure self-termination mechanism? Circ. Arrhythmia Electrophysiol. 8, 11–14. doi: 10.1161/CIRCEP.114.002546

Benes, J., Varejkova, E., Farar, V., Novakova, M., and Myslivecek, J. (2012). Decrease in heart adrenoceptor gene expression and receptor number as compensatory tool for preserved heart function and biological rhythm in M2 KO animals. Naunyn. Schmiedebergs. Arch. Pharmacol. 385, 1161–1173. doi: 10.1007/s00210-012-0800-9

Billman, G. (2011). Heart rate variability – a historical perspective. Front. Physiol. 2:86.

Boehnlein, J. K., and Kinzie, J. D. (2007). Pharmacologic reduction of CNS noradrenergic activity in PTSD: the case for clonidine and prazosin. J. Psychiatr. Pract. 13, 72–78.

Council, N. R. (2011). Guide for the Care and Use of Laboratory Animals. Washington, DC: The National Academies Press. doi: 10.17226/12910

Devinsky, O. (2011). Sudden, unexpected death in epilepsy. N. Engl. J. Med. 365, 1801–1811. doi: 10.1056/NEJMra1010481

Dhaibar, H., Gautier, N. M., Chernyshev, O. Y., Dominic, P., and Glasscock, E. (2019). Cardiorespiratory profiling reveals primary breathing dysfunction in Kcna1-null mice: implications for sudden unexpected death in epilepsy. Neurobiol. Dis. 127, 502–511. doi: 10.1016/j.nbd.2019.04.006

Doba, N., Beresford, H. R., and Reis, D. J. (1975). Changes in regional blood flow and cardiodynamics associated with electrically and chemically induced epilepsy in cat. Brain Res. 90, 115–132. doi: 10.1016/0006-8993(75)90686-1

Dravet, C. (2011). The core dravet syndrome phenotype. Epilepsia 52, 3–9. doi: 10.1111/j.1528-1167.2011.02994.x

Faingold, C., Tupal, S., and N’Gouemo, P. (2017). Genetic models of reflex epilepsy and SUDEP in rats and mice. Model. Seizures Epilepsy 2017, 441–453. doi: 10.1016/B978-0-12-804066-9.00032-8

Frasier, C. R., Wagnon, J. L., Bao, Y. O., McVeigh, L. G., Lopez-Santiago, L. F., Meisler, M. H., et al. (2016). Cardiac arrhythmia in a mouse model of sodium channel SCN8A epileptic encephalopathy. Proc. Natl. Acad. Sci. U.S.A. 113, 12838–12843. doi: 10.1073/pnas.1612746113

Goodman, J. H., Homan, R. W., and Crawford, I. L. (1990). Kindled seizures elevate blood pressure and induce cardiac arrhythmias. Epilepsia 31, 489–495. doi: 10.1111/j.1528-1157.1990.tb06096.x

Goodman, J. H., Homan, R. W., and Crawford, I. L. (1999). Kindled seizures activate both branches of the autonomic nervous system. Epilepsy Res. 34, 169–176. doi: 10.1016/S0920-1211(98)00120-X

Gross, V., Tank, J., Obst, M., Plehm, R., Blumer, K. J., Diedrich, A., et al. (2005). Autonomic nervous system and blood pressure regulation in RGS2-deficient mice. Am. J. Physiol. Integr. Comp. Physiol. 288, R1134–R1142. doi: 10.1152/ajpregu.00246.2004

Guyenet, P. G. (2006). The sympathetic control of blood pressure. Nat. Rev. Neurosci. 7, 335–346. doi: 10.1038/nrn1902

Huikuri, H. V., Castellanos, A., and Myerburg, R. J. (2001). Sudden death due to cardiac arrhythmias. N. Engl. J. Med. 345, 1473–1482. doi: 10.1056/NEJMra000650

Johnson, J. N., Hofman, N., Haglund, C. M., Cascino, G. D., Wilde, A. A. M., and Ackerman, M. J. (2009). Identification of a possible pathogenic link between congenital long QT syndrome and epilepsy. Neurology 72, 224–231. doi: 10.1212/01.wnl.0000335760.02995.ca

Kalume, F., Westenbroek, R. E., Cheah, C. S., Yu, F. H., Oakley, J. C., Scheuer, T., et al. (2013). Sudden unexpected death in a mouse model of dravet syndrome. J. Clin. Invest. 123, 1798–1808. doi: 10.1172/JCI66220

Kawada, T., Sugimachi, M., Shishido, T., Miyano, H., Sato, T., Yoshimura, R., et al. (1999). Simultaneous identification of static and dynamic vagosympathetic interactions in regulating heart rate. Am. J. Physiol. Integr. Comp. Physiol. 276, R782–R789. doi: 10.1152/ajpregu.1999.276.3.R782

Kim, Y., Bravo, E., Thirnbeck, C. K., Smith-Mellecker, L. A., Kim, S. H., Gehlbach, B. K., et al. (2018). Severe peri-ictal respiratory dysfunction is common in dravet syndrome. J. Clin. Invest. 128, 1141–1153. doi: 10.1172/JCI94999

Kruse, S. W., Dayton, K. G., Purnell, B. S., Rosner, J. I., and Buchanan, G. F. (2019). Effect of monoamine reuptake inhibition and α1 blockade on respiratory arrest and death following electroshock-induced seizures in mice. Epilepsia 60, 495–507. doi: 10.1111/epi.14652

Lacuey, N., Hampson, J. P., Theeranaew, W., Zonjy, B., Vithala, A., Hupp, N. J., et al. (2018a). Cortical structures associated with human blood pressure control. JAMA Neurol. 75, 194–202. doi: 10.1001/jamaneurol.2017.3344

Lacuey, N., Zonjy, B., Hampson, J. P., Rani, M. R. S., Zaremba, A., Sainju, R. K., et al. (2018b). The incidence and significance of periictal apnea in epileptic seizures. Epilepsia 59, 573–582. doi: 10.1111/epi.14006

Langan, Y., Nashef, L., and Sander, J. W. A. S. (2000). Sudden unexpected death in epilepsy: a series of witnessed deaths. J. Neurol. Neurosurg. AMP Psychiatry 68:211. doi: 10.1136/jnnp.68.2.211

Larsen, J., Carvill, G. L., Gardella, E., Kluger, G., Schmiedel, G., Barisic, N., et al. (2015). The phenotypic spectrum of SCN8A encephalopathy. Neurology 84, 480–489. doi: 10.1212/WNL.0000000000001211

Levy, M. N., and Zieske, H. (1969). Autonomic control of cardiac pacemaker activity and atrioventricular transmission. J. Appl. Physiol. 27, 465–470. doi: 10.1152/jappl.1969.27.4.465

Loonen, I. C. M., Jansen, N. A., Cain, S. M., Schenke, M., Voskuyl, R. A., Yung, A. C., et al. (2019). Brainstem spreading depolarization and cortical dynamics during fatal seizures in Cacna1a S218L mice. Brain 142, 412–425. doi: 10.1093/brain/awy325

Nakase, K., Kollmar, R., Lazar, J., Arjomandi, H., Sundaram, K., Silverman, J., et al. (2016). Laryngospasm, central and obstructive apnea during seizures: defining pathophysiology for sudden death in a rat model. Epilepsy Res. 128, 126–139. doi: 10.1016/j.eplepsyres.2016.08.004

Nashef, L., So, E. L., Ryvlin, P., and Tomson, T. (2012). Unifying the definitions of sudden unexpected death in epilepsy. Epilepsia 53, 227–233. doi: 10.1111/j.1528-1167.2011.03358.x

Nashef, L., Walker, F., Allen, P., Sander, J. W., Shorvon, S. D., and Fish, D. R. (1996). Apnoea and bradycardia during epileptic seizures: relation to sudden death in epilepsy. J. Neurol. Neurosurg. AMP Psychiatry 60, 297–300. doi: 10.1136/jnnp.60.3.297

Negishi, Y., Aoki, Y., Itomi, K., Yasuda, K., Taniguchi, H., Ishida, A., et al. (2021). SCN8A-related developmental and epileptic encephalopathy with ictal asystole requiring cardiac pacemaker implantation. Brain Dev. 43, 804–808. doi: 10.1016/j.braindev.2021.03.004

Nei, M. (2009). Cardiac effects of seizures. Epilepsy Curr. 9, 91–95. doi: 10.1111/j.1535-7511.2009.01303.x

Okuyama, Y., Hirawa, N., Fujita, M., Fujiwara, A., Ehara, Y., Yatsu, K., et al. (2018). The effects of anti-hypertensive drugs and the mechanism of hypertension in vascular smooth muscle cell-specific ATP2B1 knockout mice. Hypertens. Res. 41, 80–87. doi: 10.1038/hr.2017.92

Perez, D. M. (2021). α1-adrenergic receptors in neurotransmission, synaptic plasticity, and cognition. Front. Pharmacol. 11:1563.

Piskorski, J., and Guzik, P. (2007). Geometry of the poincaré plot ofrrintervals and its asymmetry in healthy adults. Physiol. Meas. 28, 287–300. doi: 10.1088/0967-3334/28/3/005

Rose, R. A., Kabir, M. G., and Backx, P. H. (2007). Altered heart rate and sinoatrial node function in mice lacking the cAMP regulator phosphoinositide 3-kinase-γ. Circ. Res. 101, 1274–1282. doi: 10.1161/CIRCRESAHA.107.158428

Ryvlin, P., Nashef, L., Lhatoo, S. D., Bateman, L. M., Bird, J., Bleasel, A., et al. (2013). Incidence and mechanisms of cardiorespiratory arrests in epilepsy monitoring units (MORTEMUS): a retrospective study. Lancet Neurol. 12, 966–977. doi: 10.1016/S1474-4422(13)70214-X

Sakauchi, M., Oguni, H., Kato, I., Osawa, M., Hirose, S., Kaneko, S., et al. (2011). Retrospective multiinstitutional study of the prevalence of early death in dravet syndrome. Epilepsia 52, 1144–1149. doi: 10.1111/j.1528-1167.2011.03053.x

Schraeder, P. L., and Lathers, C. M. (1989). Paroxysmal autonomie dysfunction, epileptogenic activity and sudden death. Epilepsy Res. 3, 55–62. doi: 10.1016/0920-1211(89)90068-5

Smith, B. N. (2016). Seizures, epilepsy, and SUDEP: a change of heart? Epilepsy Curr. 16, 166–167. doi: 10.5698/1535-7511-16.3.166

So, E. L., Sam, M. C., and Lagerlund, T. L. (2000). Postictal central apnea as a cause of SUDEP: evidence from near-SUDEP incident. Epilepsia 41, 1494–1497. doi: 10.1111/j.1528-1157.2000.tb00128.x

Srinivasan, N. T., and Schilling, R. J. (2018). Sudden cardiac death and arrhythmias. Arrhythmia Electrophysiol. Rev. 7, 111–117.

Stanaszek, W. F., Kellerman, D., Brogden, R. N., and Romankiewicz, J. A. (1983). Prazosin update. Drugs 25, 339–384. doi: 10.2165/00003495-198325040-00002

Taylor, H. R., Freeman, M. K., and Cates, M. E. (2008). Prazosin for treatment of nightmares related to posttraumatic stress disorder. Am. J. Heal. Pharm. 65, 716–722. doi: 10.2146/ajhp070124

Terra, V. C., Cysneiros, R., Cavalheiro, E. A., and Scorza, F. A. (2013). Sudden unexpected death in epilepsy: from the lab to the clinic setting. Epilepsy Behav. 26, 415–420. doi: 10.1016/J.YEBEH.2012.12.018

Tiron, C., Campuzano, O., Pérez-Serra, A., Mademont, I., Coll, M., Allegue, C., et al. (2015). Further evidence of the association between LQT syndrome and epilepsy in a family with KCNQ1 pathogenic variant. Seizure 25, 65–67. doi: 10.1016/j.seizure.2015.01.003

Tolstykh, G. P., and Cavazos, J. E. (2013). Potential mechanisms of sudden unexpected death in epilepsy. Epilepsy Behav. 26, 410–414. doi: 10.1016/J.YEBEH.2012.09.017

Trivisano, M., Pavia, G. C., Ferretti, A., Fusco, L., Vigevano, F., and Specchio, N. (2019). Generalized tonic seizures with autonomic signs are the hallmark of SCN8A developmental and epileptic encephalopathy. Epilepsy Behav. 96, 219–223. doi: 10.1016/j.yebeh.2019.03.043

Vilella, L., Lacuey, N., Hampson, J. P., Rani, M. R. S., Loparo, K., Sainju, R. K., et al. (2019a). Incidence, recurrence, and risk factors for peri-ictal central apnea and sudden unexpected death in epilepsy. Front. Neurol. 10:166. doi: 10.3389/fneur.2019.00166

Vilella, L., Lacuey, N., Hampson, J. P., Rani, M. R. S., Sainju, R. K., Friedman, D., et al. (2019b). Postconvulsive central apnea as a biomarker for sudden unexpected death in epilepsy (SUDEP). Neurology 92, e171–e182. doi: 10.1212/WNL.0000000000006785

Wagnon, J. L., Barker, B. S., Hounshell, J. A., Haaxma, C. A., Shealy, A., Moss, T., et al. (2016). Pathogenic mechanism of recurrent mutations of SCN8A in epileptic encephalopathy. Ann. Clin. Transl. Neurol. 3, 114–123. doi: 10.1002/acn3.276

Wagnon, J. L., Jones, J. M., Meisler, M. H., Korn, M. J., Parent, J. M., Parent, R., et al. (2015). Convulsive seizures and SUDEP in a mouse model of SCN8A epileptic encephalopathy. Hum. Mol. Genet. 24, 506–515. doi: 10.1093/hmg/ddu470

Wasterlain, C. G. (1974). Mortality and morbidity from serial seizures. Epilepsia 15, 155–176. doi: 10.1111/j.1528-1157.1974.tb04939.x

Wengert, E. R., Wenker, I. C., Wagner, E. L., Wagley, P. K., Gaykema, R. P., Shin, J.-B., et al. (2021). Adrenergic mechanisms of audiogenic seizure-induced death in a mouse model of SCN8A encephalopathy. Front. Neurosci. 15:198.

Wenker, I. C., Teran, F. A., Wengert, E. R., Wagley, P. K., Panchal, P. S., Blizzard, E. A., et al. (2021). Postictal death is associated with tonic phase apnea in a mouse model of sudden unexpected death in epilepsy. Ann. Neurol. 89, 1023–1035. doi: 10.1002/ana.26053

Yang, T., and Levy, M. N. (1984). The phase-dependency of the cardiac chronotropic responses to vagal stimulation as a factor in sympathetic-vagal interactions. Circ. Res. 54, 703–710. doi: 10.1161/01.RES.54.6.703

Zhan, D.-Y., Morimoto, S., Du, C.-K., Wang, Y.-Y., Lu, Q.-W., Tanaka, A., et al. (2009). Therapeutic effect of β-adrenoceptor blockers using a mouse model of dilated cardiomyopathy with a troponin mutation. Cardiovasc. Res. 84, 64–71. doi: 10.1093/cvr/cvp168


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wenker, Blizzard, Wagley and Patel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Peri-Ictal Autonomic Control of Cardiac Function and Seizure-Induced Death



		INTRODUCTION



		MATERIALS AND METHODS



		Mouse Husbandry and Genotyping



		Surgical Preparation



		Recording of ECoG, ECG, and Breathing



		Spontaneous and Stimulated Seizure Recording



		Breathing and Heart Rate Detection



		Heart Rate Variability Analysis



		Pharmacology



		Statistical Analysis







		RESULTS



		Comparison of Stimulated and Spontaneous Seizure Phenotypes



		Evaluation of Autonomic Pharmacology



		Parasympathetic Drive to the Heart Is Maximized During the Tonic Phase



		Sympathetic Drive to the Heart Is Maximized During the Postictal Phase



		Autonomic Pharmacology Has Minimal Effect on Breathing



		Postictal Bradycardia Is Not Sufficient to Produce Death







		DISCUSSION



		Autonomic Mechanisms of Peri-Ictal Changes in Heart Rate



		Autonomic Mechanisms of Seizure-Induced Death



		Effect of Atropine on Seizure-Induced Apnea



		Experimental Limitations







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-15-795145-g005.jpg
Saline C
Q 0.25mv | 600-
= £ 5
) - 0-
% soo-:
O o £ -
= 0-
w
o

Prazosin
Lg 025 mVI E
ot S - 1500 -
0.5mV | =

O .
5 x
o) =
U et
(NN

o

= Prazosin Survival = Sgline
- Carbachol

- Prazosin Fatal

-10 0

10 20

Time relative to tonic phase start (s)

X %k %k Xk

Pleth

Prazosin
™~
(@))
(@)
S
S Carbachol
)
1 Survival
M Fatal





OPS/images/cover.jpg
’ frontiers
In Neuroscience

Peri-Ictal Autonomic Control
of Cardiac Function
and Seizure-Induced Death





OPS/images/fnins-15-795145-e001.jpg
2

1
¥

IV

=ye)]

5 (i = xc) + (i

LS (e

SDZ:J;Z‘:





OPS/images/fnins-15-795145-g003.jpg
A Saline A1

Tonic Phase

ECoG

Pleth ECG/EMG

C1

Saline

Sotalol

i

Isoproterenol

|

B Sotalol T |
Tonic Phase

o 0.5mv |
S 1s
- B, 0.5 mV D During seizure Postictal Peak
O) ' "
S 800 A RV
il T 600 1 d
2 £ o0 *
w L 400- : . : :
< € 2004 4 y ot
£ .
a.

I | | L | I

0 Time after tonic phase (s) 20

c Isoproterenol i i
Tonic Phase O Saline
1000- X © Sotalol O Saline
% " O Isoproterenol
O _ 800- |—‘ o
£ 600 e ? |
o g @
w o 400-
§ o
e 200- g % gg
0 I I 1 1

Pleth

During Postictal During Postictal

Seizure Peak Seizure Peak






OPS/images/fnins-15-795145-g004.jpg
Pre-ictal ~—— Saline Postictal
- Atropine
600 - — Carbachol -
d v P
$ 4 B o ) |
— "o , '
E 1 1 ‘ 1
09 ' a ' ‘:
S | ','
(2’
0-

-15 0 15 30 45
Time relative to tonic phase start (s)

E Pre-ictal = Saline Postictal
ﬁ — Sotalol
-- — |soproterenol ==
L -
500 (I | Apnea [
(. : 1 !
d Duration ' '
_ J.
E =
=
&
0_

-15 0 15 30 45
Time relative to tonic phase start (s)

O sal
@ Atro

. O Carbachol

i }
£

500

Rf (ipm)

I I
Pre-ictal Postictal

Pre-ictal Postictal

C D
500 =g "
0
1o Q ¥ -_l 0
é c- o
_ = e
= H-
s 4o L &) e}
= a
=188 7 318" 8°
Q
9
Q.
l < -
0 I T 0 1 [
Pre-ictal Postictal ,_)o\ ?'550 57}9(‘?
G H
500 207
1o © ® w1 o
KT 30 B
_ S | 0
= © %o Q
Q. 5 -
~ o A
: 31, b1
& |8 °
=
<

I I
Pre-ictal Postictal

0 | |
oy

&

N

0








OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-15-795145-g001.jpg
A Tonic Phase AT presictal A% ctal A3 Ppostictal

CH
O
(WN)
v Normocardla Bradycardla Tachycardla
ow
D 2
(O B:
€ = |
o i Muscle Activity
Asi ‘
: = VY Mnf|
a i
L 0.5s
= Tonic B1 Pre-ictal B2 Ictal B3 Postictal
- 1 ----- .83
| e -
e M Ao
o Lt Normocardia Bradycardia Tachycardia
A5
O
= ARy
o
0) g ! |
£ & T il
i Muscle Activity
L:é = : J\/\/\/V\/\/V\/V
Q
(oL
0 5.5
..... 1 S Amea.
500 **
£ 400+ 1 |
& 300- /./"’\~
= 200- ol
& 100 - Spontaneous
0- —— HC Stim
| | 1 | i 1 | | | 1 1 1
-15 0 15 30 45 60 -15 0 15 30 45 60
Time relative to tonic phase start (s) Time relative to tonic phase start (s)
E F G
O Spontaneous Tonic Phase Start 60 RIHRK 0 157 * %
O HCStim : 0 A < Iﬁ
R D I-+-| o@ § 40- S 10-
' o B : &
0
o Rdis @ s 3
: £ Sy &} c
| T T 1 g—
-15 -10 -5 0 5 0 0 I I
Spont  Stim Spont Stim

ECoG ictal onset (s)





OPS/images/fnins-15-795145-g002.jpg
A1 Saline

Saline . % M R EE R
Tonic Phase
05mv |
O
(@)
&)
o 0 oamy]
o | o Bl 4 . Atropine
| *
% = R L o E *
&)
Ll 1
o o=
ks
Q.
. 1 Carbachol
Atropine * * % *
Tonic ‘l l l L

Phase

ECoG

02mv |

Pleth ECG/EMG

|
CarbaChOI 0 Time after tonic phase (s) 20
Tonic Phase | E E
0.5 mV - ‘ o] Sallng ****lo Saline
(g © Atropine O Carbachol
e 1000 * % % %
02mv | * % % —
0 S0 of
= Se00 |8 3 ?
) <)
o o 400-
T 8 o ;
= 200
82
= 0 | | | I
During Postictal During Postictal

2s Seizure Peak Seizure Peak





OPS/images/fnins-15-795145-e000.jpg
= —E (xi —xc) — (i = y¢ ﬁ)‘)zand
)| /v2);
S (c ) — (i — yc)
: (| (xi
SDI,J 2





