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Epilepsy is a chronic neurological disease characterized by abnormal brain activity, which results in repeated spontaneous seizures. Sudden unexpected death in epilepsy (SUDEP) is the leading cause of seizure-related premature death, particularly in drug-resistant epilepsy patients. The etiology of SUDEP is a structural injury to the brain that is not fully understood, but it is frequently associated with poorly controlled and repeated generalized tonic–clonic seizures (GTCSs) that cause cardiorespiratory and autonomic dysfunctions, indicating the involvement of the brainstem. Both respiratory and cardiac abnormalities have been observed in SUDEP, but not much progress has been made in their prevention. Owing to the complexity of SUDEP, experimental animal models have been used to investigate cardiac and/or respiratory dysregulation due to or associated with epileptic seizures that may contribute to death in humans. Numerous rodent models, especially mouse models, have been developed to better understand epilepsy and SUDEP physiopathology. This review synthesizes the current knowledge about dilute brown agouti coat color (DBA/2) mice as a possible SUDEP model because respiratory arrest (RA) and sudden death induced by audiogenic generalized seizures (AGSs) have been observed in these animals. Respiratory/cardiac dysfunction, brainstem arousal system dysfunction, and alteration of the neurotransmitter systems, which are observed in human SUDEP, have also been observed in these mice. In particular, serotonin (5-HT) alteration and adenosine neurotransmission appear to contribute to not only the pathophysiological mechanisms of medication but also seizure-related respiratory dysfunctions in this animal model. These neurotransmitter systems could be the relevant targets for medication development for chronic epilepsy and SUDEP prevention. We reviewed data on AGSs in DBA/2 mice and the relevance of this model of generalized tonic–clonic epilepsy to human SUDEP. Furthermore, the advantages of using this strain prone to AGSs for the identification of possible new therapeutic targets and treatment options have also been assessed.
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Introduction

Epilepsy is a chronic and debilitating neurologic disease with a high prevalence, which may substantially impair the quality of life. It is associated with cognitive decline and other neuropsychiatric comorbidities, as well as pharmacoresistance development, contributing to increased mortality (1). Sudden unexpected death in epilepsy (SUDEP) is the most frequent cause of epilepsy-related death in drug-resistant epileptic patients, and repeated generalized tonic–clonic seizures (GTCSs) are associated with SUDEP, leading to insistent brain activity damage and enhanced sympathetic activation (2). Seizure activation can propagate to distinct subcortical structures via synaptic connections or, more likely, via spreading depression, which can alter brainstem activity and impair cardiorespiratory function (3). The risk of sudden unexpected death is estimated to be 20 times higher in epileptic patients than in the general population (4). For treating SUDEP, new therapeutic treatments are needed to reduce disease progression and show efficacy against drug-resistant epilepsy, reducing the risk of SUDEP.

Given the unpredictable nature of SUDEP, it is difficult to study the mechanisms by which seizures propagate and impair brainstem function, producing the cardiorespiratory effects that induce it. Significant progress has been made in understanding the SUDEP mechanisms through clinical and experimental studies. Nevertheless, the etiology and pathogenesis of SUDEP are incompletely understood (1, 5). Different clinical and animal studies have indicated that SUDEP occurs due to multifactorial factors and that seizure-induced respiratory dysfunction, together with brainstem system dysfunction and neurotransmitter dysregulation, plays an important role in the mechanism of SUDEP in human and rodents (1, 6).

Genetic factors, such as channelopathies, or susceptibility to heat or audiogenic-induced seizures also contribute to increased predisposition to SUDEP in animal models (7). Studies on genetic mouse models allow for a better understanding of the pathophysiological modifications that lead to SUDEP (5). Usually, mouse models of sound-induced audiogenic generalized seizures (AGSs) are used to study the underlying mechanisms of SUDEP, with the aim of treating and preventing respiratory arrest (RA) due to AGSs (7). In audiogenic susceptible mice, intense auditory stimulation produces severe reflex tonic–clonic seizures that can frequently be lethal, mimicking those observed in human (8). The dilute brown agouti coat color (DBA/2) mice are a model well-established for audiogenic reflex epilepsy induced by sound stimulation, and they were used to investigate new antiseizure medications (ASMs) (9). These mice were also employed in the SUDEP model since they showed generalized convulsive seizures followed by respiratory arrest, which subsequently led to cardiac arrest and sudden death, similar to what is observed in human SUDEP (6, 10). Studies on DBA/2 mice have investigated drugs that reduce immediate RA and seizure-induced death (11). We reviewed the literature with information about DBA/2 mice as a model of SUDEP. We also reviewed the neuronal and biochemical mechanisms of reflex epilepsy and SUDEP, as well as the development of better treatment options.



SUDEP in epilepsy

SUDEP refers to an unexpected, non-traumatic death in children and adults with epilepsy, where postmortem examination does not reveal any anatomical or toxicological cause of death, including drowning (12, 13). Among the most important risk factors for SUDEP are uncontrolled or frequent GTCSs, the duration of epilepsy, prone position at the time of death, young age of first seizure, male sex, neurological comorbidities, polytherapy, ion channel or arrhythmia-related gene mutations, cardiac-respiratory dysfunction, intellectual disability, nocturnal seizures, and non-adherence to ASMs (12, 14). Severe GTCS with a frequency of >3/year have been clarified to induce changes in autonomic functions, resulting in the impairment of respiratory and cardiac functions and predisposing to SUDEP (1).

The incidence of SUDEP is estimated to be 24 times higher in epileptic patients than in the general population, with 1.16 cases per 1,000 epileptic patients per year, and the rate is higher in patients with refractory epilepsy (15). Furthermore, SUDEP reportedly affects all age groups, and its incidence is considered to be less common in young children than in adults, excluding rare diseases such as epileptic syndromes or genetic epilepsies (16). Recently, the risk of SUDEP in children has been found to be potentially greater than that in previous years (from 0.13 to 3.3 per 1,000 patients), especially in children with an increased severity of epilepsy in terms of frequency and type of seizures. Pediatric-specific risk factors include developmental delay and intellectual disability, structural abnormalities, and multiple ASM therapy (17).

The risk of SUDEP was markedly increased in children with genetic epilepsies, Dravet syndrome due to mutations in the SCN1A, SCN8A encephalopathies, or DEPDC5 gene mutation-related epilepsy (18–20). However, the incidence of SUDEP in children and young people with epilepsy remains indeterminate because it varies depending on age range, type of epilepsies, epileptic syndromes, or genetic epilepsies, as well as the follow-up period and diagnosis (18). Successive cohort studies have suggested that the incidence of SUDEP is similar between adults and children (i.e., 1.2 per 1,000 people per year), although the incidence may be underestimated in children due to non-epilepsy-related deaths, as a post-mortem/autopsy is often not performed (21). To date, the exact incidence of SUDEP within subgroups of childhood epilepsy is not known.

All the SUDEP cases died at an early age (generally 10–40 years), particularly, patients with intellectual impairment, refractory epilepsy, and poorly controlled epilepsy with a high frequency of GTCS and nocturnal seizures. Studies have suggested a slight male predominance, with the male-to-female ratio being 229:159 (13, 22).



DBA/2 mouse

The DBA/2 inbred strain is genetically susceptible to AGSs, evoked by excessive auditory stimulation. AGSs consist of generalized reflex clonic–tonic convulsions, followed by seizure-induced respiratory arrest (S-IRA) (23). These events, observed in clinical SUDEP, make DBA/2 mice relevant models of SUDEP (23, 24). This strain has been well-described both phenotypically and genetically (9). In DBA/2 mice, the susceptibility to AGSs varies with age when exposed to intense auditory stimulation (100–120 dB), being maximal between 21 and 28 days of age and then reduced or absent at 40–45 days (25). After intense sound stimulation, DBA/2 mice show seizure sequences characterized by brainstem-dependent wild runs and jumps, followed by clonic seizures characterized by violent convulsions and muscle spasms and, subsequently, tonic seizures characterized by muscle rigidity, culminating in S-IRA, cardiac dysfunction, and death. In DBA/2 mice, death occurs following an excessive tonic phase with hindlimb extension but not from clonic seizures (7), indicating that the tonic phase is probably responsible for S-IRA. Respiratory arrest is fatal unless the death is prevented through oxygenation or mechanical ventilation (26).

In ~75% of these mice, AGSs are followed by RA, while the remaining 15% of DBA/2 mice exhibit AGSs without RA, indicating that they spontaneously recover from RA post-AGSs (25, 27). In DBA/2 with S-IRA, while RA is the main cause of death, electrocardiographic activity can be detected for ~5 min after RA, suggesting that cardiac changes occur later (28).

The severity and susceptibility of the seizure to S-IRA decrease after 5 weeks of age due to hearing loss, with hearing thresholds elevated by 15–20 dB (29). This hearing loss may be due to the loss of sensory hair cells, the loss of spiral ganglion neurons, or striatal atrophy (30, 31). Progressive hearing loss has also been attributed to mutations in Cdh23 and Fscn2 (32, 33).

DBA/2 mice are the first example of polygenic heredity in which several mutations can be related to AGSs. More specifically, three loci, including Asp1, Asp2, and Asp3, located on chromosomes 12, 4, and 7, have been correlated with AGSs (34–36). In particular, Asp1 and Asp2 loci seem to be responsible for the manifestations of AGSs (35). These loci are also involved with the regulation of Ca2+-ATPase activity, which is important for synaptic function and neurotransmitter release from synaptic vesicles (34).

DBA/2 mice also express an astrocyte-specific Kcnj10 deletion that has been shown to disrupt the activity of inward rectifying potassium (Kir) 4.1 channels and uptake glutamate (37); this results in low seizure threshold of audiogenic mice compared with the seizure-insensitive C57BL/6J mice (38).

Consequently, Kcnj10 gene polymorphism could play an important role in seizure-threshold differences between DBA/2 and C57BL/6J mice (37). DBA/2 mice are homozygous for allele 1473G and have a lower serotonin (5-HT) synthesis rate compared with C57BL/6J mice; this polymorphism, which alters brainstem serotonergic neurotransmission, contributes to AGSs and S-IRA in these mice (39, 40).



Pathophysiology of audiogenic seizures in DBA/2 mice

The production of AGSs resides in the interaction of brainstem sensory-motor structures in DBA/2 mice (27). In response to intense sound stimulation, a small population of hyperexcited neurons, which are located at the level of the inferior colliculus (IC) of the midbrain, induce the initiation and propagation of AGSs (8, 41). Thus, the IC is considered to be a crucial structure for AGSs onset, but other subcortical structures such as the rostral and medial subcortical regions may be involved (42), resulting in clonic and tonic seizures. These AGSs subsequently exert a negative effect on breathing, inducing S-IRA (41, 43). Studies on DBA/2 mice show that AGSs inhibit the ponto-medullary respiratory control network responsible for breathing control, which leads to apnea or respiratory arrest followed by asystole and death (44).

A key role of the IC in AGSs in DBA/2 mice has been shown by an experimental study, in which bilateral lesions of IC either eliminated or reduced AGS, whereas spreading depression of the cortex either increased latencies or decreased the severity but did not fully abolish AGSs (41). This does not seem to be due to the interruption of sensory input to the cerebral cortex because lesions of other relay nuclei fail to block AGSs (41). Studies based on fos immunochemistry have confirmed that the onset of AGSs is due to enhanced activity within the IC (45). The superior colliculus (SC) is an important modulatory structure in the network of AGSs, and its role is supported by the incomplete attenuation of AGSs through SC lesions (41). Epileptic foci have been also found in the cortex of DBA/2 mice, suggesting an involvement of cortical activities in the generation of AGSs (46). MEMRI data have demonstrated in DBA/1 mice, another model of AGS, changes involving various subcortical structures, such as the superior olivary complex (SOC) of the brainstem, the periaqueductal gray complex, and the amygdala, during AGS. In DBA/1 mice, pathways starting from the SOC play a key role in the neuronal network involved in audiogenic seizures; similarly, in DBA/2 mice, neuronal circuits in the brainstem, spinal cord, and all subcortical areas could also be important (47, 48).



Alteration of neurotransmissions in DBA/2 mice

The susceptibility and severity of AGSs in DBA/2 mice involved several neurotransmitters, such as serotonin (5-TH), adenosine, norepinephrine (NE), dopamine (DA), acetylcholine, glutamate, and GABA (56) (Table 1). Among these neurotransmitters, the serotonergic system is responsible for the generation and transmission of the respiratory rhythm in the brainstem (57), as well as in the modulation of epileptic seizures (58, 59). Accordingly, dysfunction in the brainstem 5-HT system, which results in impaired synaptic transmission and alterations in the expression of 5-TH receptors, is involved in respiratory dysfunction and is associated with a more severe respiratory phenotype in DBA/2 mice (25, 47). These mice generally have lower 5-HT tissue levels than C57/L6 control mice, and the lack of serotonergic signaling of raphe neurons contributes to their increased susceptibility to seizures and RA (39, 60, 61). Therefore, a reduction in 5-TH levels is believed to be responsible for increased seizure susceptibility, while the administration of its precursor 5-hydroxytryptophan (5-HTP), which increases 5-TH brain levels, can attenuate the propagation of AGSs in DBA/2 mice (62). Furthermore, 5-THP has also been found to counteract the reserpine-induced increase of AGSs in DBA/2 mice (63). Alterations of the serotonergic system may also be associated with a more severe respiratory phenotype because DBA/2 mice with fatal RA showed higher levels of tryptophan hydroxylase 2 (TPH2) and serotonin transporter (SERT) than DBA/2 mice with non-fatal RA (44). In addition, DBA/2 mice showed altered expression of 5-HT receptors in the brainstem respiratory nuclei compared with C57BL/6J mice, with diminished expression of 5-HT2C, 5-HT3, and 5-HT4 receptors in the rostral ventral medulla respiratory region and enhanced expression of 5-HT2B receptors (11, 40). The changes in the brainstem 5-HT receptor expression are consistent with the increase of excitation mediated by 5-HT2B elevated expression, and the decrease of inhibition is mediated by decreased 5-HT2C expression; these changes are associated with susceptibility to AGSs and S-IRA in DBA/2 mice (40, 64). Antagonist compounds of 5-HT1C, 5-HT3, 5-HT4, and 5-HT7 receptors had anticonvulsant effects, increasing the latency of AGSs and decreasing the severity of seizures (65, 66), while antagonist compounds of 5-HT2 receptors increased the S-IRA incidence following seizures in DBA/2 mice (25).


TABLE 1 Effects of different monoaminergic receptors on the pathogenesis of SUDEP in DBA/2 mice.
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Furthermore, the decrease of AGSs has been found with an inhibitor of tryptophan hydroxylase, parachlorophenylalanine (PCPA), or 5-HT receptor antagonists (66, 67). Therefore, reduced 5-TH neurotransmission due to depletion of the reserve or antagonism of 5-HT receptors are factors that may exert protection against AGSs in DBA/2 mice (40).

Owing to the effects exerted by 5-HT on respiration and seizures, it can be suggested that drugs that enhance the activity of this neurotransmitter might be useful in SUDEP prevention. Consequently, treatment with fluoxetine, a selective serotonin reuptake inhibitor (SSRI), has been found to be effective in preventing S-IRA and death, without affecting the severity of AGSs in DBA/2 mice (25).

Furthermore, the administration of fluoxetine at higher doses was able to reduce the occurrence of tonic seizures preceding the S-IRA (25). Additionally, the combined administration of serotonin uptake inhibitors and monoamine oxidase-A (MAO) inhibitors diminished AGSs in DBA/2J mice (62). On the contrary, the administration of cyproheptadine, a non-selective 5-HT receptor antagonist, increased susceptibility to S-IRA in 10% of DBA/2 mice, confirming further involvement of the serotonergic system in S-IRA (25). Therefore, genetic alterations of the 5-HT system, such as specific 5-HT receptor subtype expression abnormalities or reduced levels of the 5-HT-synthesizing enzyme tryptophan hydroxylase, can be responsible for the susceptibility to S-IRA of DBA/2 mice (40, 47).

Adenosine is another neurotransmitter that exerts its action on the respiratory centers of the brainstem, and an increase in its levels, induced by seizures, may contribute to SUDEP (68). From this neurotransmitter, that serotonin and adenosine show the opposite effects on respiratory suppression. While elevated serotonin levels in the brainstem can prevent S-RIA and death in DBA/2 mice, overstimulation of adenosine receptors in the brainstem can induce respiratory arrest (28). Some studies have shown that molecules such as caffeine, a non-selective adenosine receptor antagonist, or SCH 442416, an A2A receptor antagonist, decrease the occurrence of S-IRA in DBA/2 mice. Other studies have demonstrated that DPCPX, a selective adenosine A1 antagonist, did not alter S-IRA, suggesting that excessive A2A receptor activation makes DBA/2 mice more vulnerable to S-IRA (28, 69). The inhibition of adenosine metabolism by pretreatment with 5-iodotubercidin (5-ITU) increased the susceptibility to S-IRA of DBA/2 mice, which initially displayed only AGSs, indicating that excessive adenosine signaling may contribute to seizure-induced death in these mice (28). Reduced brain levels of NE and DA are also responsible for increased AGS susceptibility (51). Generally, DBA/2 mice show lower levels of NE and DA in the brain than C57BL/6J mice; the administration of Levodopa (L-DOPA) was found to attenuate AGS in DBA/2 mice by increasing the brain levels of these neurotransmitters, particularly DA, which is the active principle formed from L-DOPA (51, 70).

In addition to L-DOPA, dopaminergic receptor agonists, such as apomorphine and other related compounds, showed protection against AGS in DBA/2 mice (71).

Alterations in the glutamatergic and GABAergic neurotransmission are also involved in the generation of AGS in DBA/2 mice (9, 72). Regarding glutamatergic neurotransmission, an increased NMDA-mediated glutamate release has been found to occur in 21–30-day-old DBA/2 mice through a nitric oxide (NO)-mediated mechanism (73). At this age and following audiogenic stimulation, the enhanced NO generation in DBA/2 mice was 2-fold compared with DBA/2 mice, which were not exposed to acoustic stimulation, indicating the involvement of NO in the occurrence of AGS (74). The antagonists of ionotropic and metabotropic glutamatergic receptors exerted inhibitory effects on AGS, supporting the involvement of glutamatergic neurotransmission (75–78). In particular, a functional NMDA-mediated upregulation responsible for the generation of AGS has been shown in DBA/2 mice, and the administration of an antisense probe for the NMDA receptor (NR1 subunit) has been shown to induce a complete suppression of AGS, accompanied by a small (20%) reduction in the NMDA receptor levels (79).

A deficit of GABAergic neurotransmission, in IC neurons, is also implicated in the AGS susceptibility of DBA/2 mice (80), and drugs that increase GABA concentration or mimic its postsynaptic actions reduced the occurrence and severity of AGS (81, 82). In DBA/2 mice at various ages, before, during, and after the period of maximal AGS, no changes in brain GABA concentration and glutamic acid decarboxylase (GAD) activity were found, which means that the susceptibility to AGS does not result from the reduced ability to synthesize and store GABA (83). Instead, lower binding sites for GABA in the brain of DBA/2 mice, compared with other non-susceptible strains, have been reported (84), and this reduction has been correlated with the age of susceptibility seizures (83). However, the affinities of these binding sites were found to be higher in DBA/2 mice than in control mice of the same age (85, 86). Studies on receptor binding, chloride flux, and response to GABAA receptor drugs have suggested GABAA receptor alterations in DBA/2 mice (53–55). In particular, a decreased density of benzodiazepine 3H-flunitrazepam binding sites in 28- to 29-day-old DBA/2 mice has been reported, suggesting a delayed development of these binding sites (85). Other studies have found an increase in benzodiazepine 3H-flunitrazepam binding sites in DBA/2 mice (at ~22 days of age) compared with age-matched C57BL/6J mice (87). For these reasons, the use of GABAA agonists, GABA transaminase inhibitors, and some inhibitors of GABA reuptake may be useful in reducing the incidence and severity of AGS in DBA/2 mice (85, 88–90). An indirect involvement of GABA neurotransmission in AGS in DBA/2 has been also suggested by another study, in which gastrin-releasing peptide (GRP), a selective agonist for the BB2 subtype of bombesin receptor, was able to reduce AGS in audiogenic DBA/2 mice, probably through an increase of GABAergic function (91) (Figure 1).
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FIGURE 1
 Schematic representation of the neuronal network and mechanisms of autonomic central cardiorespiratory dysfunction during seizure following audiogenic stimulation in DBA/2 mice.


In addition to neurotransmitters, synaptic hyperactivity and the sustained increase in circulating catecholamines are also involved in AGS and S-IRA; repeated induction of generalized seizures in DBA/2 mice can lead to Ca2+ overload and oxidative stress, which trigger mitochondrial dysfunction by generating reactive oxygen species (ROS) with consequent cardiomyocyte death (92–94).



Efficacy studies of different drugs on AGS in DBA/2 mice

DBA/2 mice have been widely used not only as a genetic model of generalized reflex epilepsy but also for screening novel compounds to predict the clinical utility of novel treatments for drug-resistant epilepsy (78, 95).

All clinically used ASMs (carbamazepine, oxcarbazepine, felbamate, gabapentin, lamotrigine, phenytoin, phenobarbital, ethosuximide, levetiracetam, topiramate, valproate, brivaracetam, and perampanel) have shown efficacy against AGS in DBA/2 mice (9, 95–97) (Table 2).


TABLE 2 ED50 values (±95% confidence limits) of some ASMs against audiogenic seizures in DBA/2 mice.

[image: Table 2]

In addition, different studies have demonstrated the efficacy of classical benzodiazepines and their derivatives, 1,4- benzodiazepines and 1,5-benzodiazepines (82, 102). The different degree of anticonvulsant activity appears to be related to the benzodiazepine binding affinity (inhibition of [3H]flunitrazepam binding) (82, 89, 102). Compounds blocking the uptake of GABA (ethyl nipecotate and nipecotic acid) into neurons or glia and structurally diverse positive allosteric modulators of GABAB receptors showed protection against AGS in DBA/2 mice (81, 103). Compounds that block excitatory neurotransmission by acting as antagonists at the NMDA and AMPA receptors showed the anticonvulsant effects in DBA/2 mice (75, 104).

Riluzole, a drug approved for the treatment of amyotrophic lateral sclerosis, was found to be protective against AGS in DBA/2 mice, with full protection against sound-induced tonic extension; this effect is reportedly due to the interaction of riluzole with glycine/NMDA and AMPA/kainate receptors (105).

Co-treatment of topiramate (TPM) with L-type Ca2+ channel modulators (nifedipine and Bay k 8644) or with AMPA/kainate receptor antagonists (NBQX and CFM) showed protection against tonic and clonic seizures in audiogenic mice (106).

The anticonvulsant effects of various other compounds, such as substances that enhance the 5-HT system (107), ligands for adenosine receptors (28, 69, 108), and carbapenem derivatives (109), have been also evaluated in DBA/2 mice. Treatment with cannabinoid receptor (CB1R) agonists has shown anticonvulsant effects against AGS, suggesting the involvement of these receptors in the susceptibility of DBA/2 mice to AGS (110). Similarly, cannabis-derived compounds, such as cannabidiol (CBD) and cannabidivarin (CBDV), have been shown to reduce AGS incidence, and the co-administration of CBD and CBDV showed synergic effects against AGS in audiogenic mice, blocking both clonic and tonic seizures through different mechanisms of CB1R (111, 112). Carbenoxolone, a chemical gap junction blocker, was shown to reduce the severity of AGS in DBA/2 mice, suggesting the role of connexins in epileptic seizures (113). Gap junctions play an important role in the neuronal network for both synchronized neuronal activity and field potential oscillations. During epileptic seizures and intercritical phases, electroencephalogram (EEG) signals and the degree of electrical coupling to the astrocytic gap junction were found to be correlated, contributing to the synchronization of the neuronal cell networks and inducing recurrent epileptiform activity (114). The antiepileptic effects of carbenoxolone could be due to its capacity to block both spontaneous bursts and epileptiform activity of neurons, although it does not do so directly. It seems to block the gap junction between astrocytes, suppressing their synchronization and supporting the possible direct involvement of the astrocytic gap junction in epileptiform activity and the indirect involvement in neurons (115). Among the different connexins (CX26, CX36, and CX32), CX43 has been found to affect epileptic seizures; its expression and electrical conduction have been found to increase after seizure, which can be reduced by carbenoxolone (114, 116).

The potential synergism of carbenoxolone with ASM, as well as the pharmacodynamic potentiation of ASM effects by statins, cannabinoid receptors agonists (98, 110), beta-adrenoceptor antagonists (117), and D-cycloserine, has been also studied in audiogenic DBA/2 mice (118). The potential anticonvulsant effects of a natural product, i.e., flavonoid-rich extract from orange juice (OJe), and its possible mechanism of action, were also studied on AGS-sensible DBA/2 (119). Finally, the protective effects of the new isoquinoline sulfonamides on AGS in DBA/2 mice were investigated by selectively inhibiting the isoforms of human carbonic anhydrase II and VII (hCA II and hCA VII) (120).



DBA/2 mice as relevant models of human SUDEP

Animal models, in particular, genetically altered mice, develop spontaneous or induced seizures leading to death, and these models are able to show the role of autonomic dysregulation respiratory mechanisms that precede death. DBA/2 mice experience AGS when they are exposed to high-intensity acoustic stimulation, and these seizures are followed by a high occurrence of S-IRA, cardiac arrest, and sudden death, making these mice a valid model of human SUDEP (7, 121, 122) (Figure 2). In these mice, S-IRA, resulting from AGS, leads to subsequent death if not rapidly prevented by oxygen administration or mechanical ventilation, similar to epileptic patients (6, 26). Generalized seizures, particularly uncontrolled ones, are important risk factors for SUDEP because they propagate trans-synaptically or by spreading depression and interrupt the brainstem functions that control cardiorespiratory activity and its connections to cortical, diencephalic, and spinal cord areas. This causes RA with subsequent cardiac failure, mechanisms that are proposed as the main cause of human SUDEP (122, 124).
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FIGURE 2
 Representation of brain areas involved in AGS, and representative patterns of EEG (electroencephalogram), ECG (electrocardiogram) changes, and respiration (plethysmometer) before seizure onset, during the tonic–clonic phase up to SUDEP in audiogenic DBA/2 mice. The upper right box (A, B) shows the expanded traces from the corresponding boxes of the recordings shown below. All patterns are re-adapted by Wenker (123) in “Postictal death is associated with tonic phase apnea in a mouse model of sudden unexpected death in epilepsy.”


DBA/2 mice die in the tonic phase with hindlimb extension similar to human SUDEP with motor convulsive seizures (125). Death immediately following an AGS occurs with sequential events, including immediate respiratory failure followed by cardiac depression; this is observed in DBA/2 mice and is similarly observed in human SUDEP (24, 126). In DBA/2 mice, RA always precedes cardiac arrest, similar to terminal apnea, which is commonly responsible for human SUDEP. Therefore, altered brainstem function is linked with respiratory and cardiac dysfunctions, followed by terminal apnea and asystole, leading to SUDEP in both DBA/2 mice and epileptic patients.

The common cardiopulmonary events that contribute to death make DBA/2 mice an important model for evaluating the mechanisms of these events and translating this knowledge into the development of new strategies for SUDEP prevention.

The advantage of using DBA/2 mice as the SUDEP model is given by the predictability of seizures, allowing for the resuscitation of these mice and the repetition of tests and, consequently, the possibility to determine the mechanisms of RA (28).

In DBA/2 mice, AGS spreads to brainstem laryngomotor areas, causing laryngospasm and associated obstructive apnea with consequent death; the implantation of a surrogate airway protecting against death suggests that both laryngospasm and associated obstructive apnea are part of a common mechanism that leads to SUDEP in epileptic patients and murine species (24, 127). DBA/2 mice not only present many key features of human SUDEP, including autonomic dysregulation, apnea, hypoventilation, and cardiac arrhythmias, but also suggest the potential molecular mechanisms of SUDEP, such as modifications of serotonergic and adenosinergic neurotransmission, which significantly alter not only the seizure activity but also the brainstem respiratory network. 5-HT and adenosine show opposite effects on respiratory function (11, 28). Serotonergic neurons stimulate breathing, and the loss of brainstem serotonergic control of cardiorespiratory function induced by seizures can cause prolonged hypoventilation or apnea, contributing to SUDEP (128). In DBA/2 mice, the loss of serotonergic neurons reportedly induces S-IRA, the main factor for SUDEP (47), and the enhancement of 5-HT function in the brainstem with SSRI treatment reportedly reduces the occurrence of S-IRA (128). Similarly, dysregulation of serotonergic brainstem neurons, which regulate brainstem respiratory centers, and spreading of depolarization have been found in epileptic drug-resistant patients, and they have been correlated with an increased risk of human SUDEP (11, 25). Consequently, SSRI treatment has shown some protective effects by reducing the incidence of central apnea in SUDEP patients (129, 130). In addition, DBA/2 mice were found to exhibit diminished expression of 5-HT2C, 5-HT3, and 5-HT4 receptors in the rostral ventral medulla respiratory region; similar abnormalities of these 5-HT receptors expression were found in sudden infant death syndrome (131). Therefore, in addition to the evidence of the effect of serotonergic neurotransmission on seizure susceptibility, increases in 5-HT may positively affect seizure-related respiratory events associated with SUDEP in animal models and humans.

Furthermore, adenosine is also a possible contributor to SUDEP (49); excessive adenosine release and overactivation of adenosine receptors, induced by seizures, may give rise to excessive inhibition of brainstem respiratory centers; this causes lethal apnea or cardiac arrest, potentiating SUDEP through respiratory suppression in DBA/2 mice (28). The administration of caffeine, an adenosine receptor antagonist, reduced the incidence of seizure-induced RA, thus preventing SUDEP in audiogenic DBA/2 mice (28). Similarly, in different brain areas of epileptic patients, an altered adenosinergic system has been observed with the overactivation of A2A receptors, resulting in cardiorespiratory dysfunctions and increased risk of SUDEP (132). Consequently, the blockade of adenosine receptors should prevent SUDEP in human and experimental models (133, 134).

The translational research obtained in this experimental model has allowed us to identify that the serotonergic and adenosine neuronal networks of the brainstem may share a common final pathway with human SUDEP, and drugs that act on these neurotransmission systems may be potential targets for SUDEP prevention. Furthermore, the knowledge of cardiac and/or respiratory alterations due to AGS, which may contribute to sudden death in DBA/2 mice, indicates the translational potential of the use of these animals in clinical studies on SUDEP (135).

The elevated occurrence of death after AGS in DBA/2 mice suggests the existence of a genetic predisposition to respiratory depression, supporting the hypothesis of the presence of genetic predictors of SUDEP (40, 136).

Compared with other models, such as kainic acid (KA) or the pilocarpine animal model of status epilepticus (SE), the DBA/2 model has several advantages. One advantage of DBA/2 mice is that their death is not associated with SE, and they exhibit sudden death immediately after AGS. Their death is a result of RA, leading to subsequent cardiac failure, in agreement with the findings obtained in many cases of human SUDEP (3, 26). This distinct feature makes DBA/2 mice relevant SUDEP models. KA or pilocarpine-induced SE is useful as a model for human temporal lobe epilepsy (137), but these models do not induce SUDEP-like seizures. In fact, pilocarpine or KA injection produces SE in a healthy brain, a condition that is excluded from the current definition of SUDEP (2). Seizures appear in limbic and neocortical structures, but the seizure onset is believed to reside in the hippocampal formation with consequent hippocampal neurodegeneration and neuroinflammation, unlike what is observed in DBA/2 mice (138, 139).

Variability in SE induction and in the frequency and severity of spontaneous seizures, as well as variable mortality among different rodent strains, have also been found in SE animal models, causing difficulty not only in reproducing the TLE model but also in considering it a SUDEP model (140–142). Regarding the variability in the mechanisms of death, the mortality ranges from 5 to 30% in the SE KA-induced model (138), while in the pilocarpine model, mortality is much higher since ~30–40% of treated animals do not survive SE, and there are difficulties in SE induction due to pilocarpine-resistant animals (143, 144). Therefore, in these models, mice that died within 7 days from SE induction are believed to have failed to develop SE. Therefore, they are not considered to have died of SUDEP since they likely did not develop spontaneous seizures. Unlike audiogenic DBA/2 mice in which seizure-induced respiratory depression leads to sudden death, some of these animals can show small seizure activity, some can also show transient apnea, and others can show respiratory depression. Therefore, it is not possible to understand which of these behaviors are related to SUDEP manifestation. Additionally, in these animal models of SE, significant changes in cardiac structure and function are found after the SE period (145).

Some studies reported obstructive apnea, cardiac dysfunction, and death as a response to KA-induced seizure (146), while other studies showed that some mice, survived by pilocarpine-induced SE, died suddenly after several weeks when they developed spontaneous seizures (147, 148). However, these responses to KA or pilocarpine-induced SE are different from mechanisms that cause respiratory depression and death in the DBA/2 model. In addition, genetic mutations together with neurotransmission alterations can explain the higher susceptibility to AGS and the consequent death of DBA/2 mice.

Although this audiogenic model more strongly resembles human SUDEP in many respects, DBA/2 mice present some limitations to achieving a full comprehension of respiratory dysfunction in chronic epilepsy and SUDEP, which is because AGS and S-IRA are induced by intense acoustic stimulation, and these mice do not develop spontaneous recurrent seizures unlike what occurs in human SUDEP, which in any case results from spontaneous seizures (28). Furthermore, in DBA/2 mice, there is a high incidence of death after AGSs, while the probability of sudden death after an epileptic seizure is lower in patients (5). In particular, in DBA/2 mice, if AGS-induced fatal RA is not prevented, they die (11), whereas epileptic patients who die of SUDEP can have numerous seizures before the fatal event occurs (1).

In addition, the susceptibility to AGS of DBA/2 mice seems to be age-dependent, being high in young mice (21–28 days postnatal) and decreasing with age. The young age at which DBA/2 mice show susceptibility to AGS could be a limitation in transferring the results to human settings, particularly in investigating any chronic treatment, which would be needed for human SUDEP prevention. For this, DBA/2 mice may be appropriate as an acute mouse model of SUDEP. However, the young age at epilepsy onset and the duration of the seizure disorder, which often occurs during childhood, are the main risks of human SUDEP (17). In particular, the risk of SUDEP is greater for patients with childhood-onset epilepsy that is chronic and persists into adulthood than for patients with epileptic seizures that appear in adulthood. The clinical implication of this age-dependent susceptibility to seizure may be related to the higher incidence of sudden death in children with severe forms of epilepsy than in adults. However, recent studies in children have documented a similar incidence to that of adults (21). Despite these differences, studies of sudden death in young AGS-susceptible mice may be useful for increasing the knowledge of complex pathophysiologic mechanisms underlying human SUDEP and for assessing potential therapies to prevent SUDEP.



Conclusion

In epilepsy, SUDEP is a major clinical problem for epileptic patients and their families. Although different studies have identified numerous risk factors for SUDEP, we are still unable to prevent or diminish the incidence of SUDEP. Furthermore, although adherence patterns in ASM can limit seizures in most patients, they do not alter long-term prognosis or prevent epilepsy progression or the risk of SUDEP. The high mortality rate associated with certain types of epilepsy points to respiratory depression, decreased heart frequency, autonomic dysfunction, and altered neurotransmitter systems in the brainstem. Although treatments such as SSRIs and adenosine antagonists have been experimented with, their clinical application remains limited.

Studies in animal models of epilepsy are essential to help understand the pathophysiological mechanisms associated with seizures and SUDEP. In particular, DBA/2 strains are inbred mice prone to AGS-induced fatal RA and frequently used as SUDEP models. These mice not only summarize numerous key features of human SUDEP, including altered cardiorespiratory function and pulmonary impairment following audiogenic seizures, but also allow for accurate investigations of molecular mechanisms present in SUDEP, such as serotonergic and adenosinergic dysfunctions and genetic susceptibility. Brainstem neurotransmitters may provide new targets for interventions to prevent premature death from SUDEP.

Translation of basic experimental research into human epilepsy could be represented by DBA/2 mice, whose response to ASM has permitted the development of new medications and therapy trials.

However, in this experimental model, SUDEP susceptibility is related to acoustic stress only at a young age. Therefore, DBA/2 mice could represent only an acute SUDEP model. However, given the translational value of the knowledge that can emerge from using this animal model, it would be advisable to carry out further and more specific studies.



Author contributions

FB, LGa, and AL conceptualized the manuscript framework, performed literature research, and drafted the manuscript. MT, LGu, and VR were also involved in drafting the manuscript and creating the tables. RC and GD critically reviewed the manuscript. All authors reviewed the drafted manuscript for critical content and approved the final version.



Funding

AL, RC, and GD received funding from #NEXTGENERATIONEU (NGEU), the Ministry of University and Research (MUR), the National Recovery and Resilience Plan (NRRP), and the MNESYS (PE0000006) project–a multiscale integrated approach to the study of the nervous system in health and disease (DN. 1553 11.10.2022).



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.



References

 1. Zhao H, Long L, Xiao B. Advances in sudden unexpected death in epilepsy. Acta Neurol Scand. (2022) 146:716–22. doi: 10.1111/ane.13715

 2. Mesraoua B, Tomson T, Brodie M, Asadi-Pooya AA. Sudden unexpected death in epilepsy (SUDEP): Definition, epidemiology, and significance of education. Epilepsy Behav. (2022) 132:108742. doi: 10.1016/j.yebeh.2022.108742

 3. Katayama PL. Cardiorespiratory dysfunction induced by brainstem spreading depolarization: a potential mechanism for SUDEP. J Neurosci. (2020) 40:2387. doi: 10.1523/JNEUROSCI.3053-19.2020

 4. Bauer J, Devinsky O, Rothermel M, Koch H. Autonomic dysfunction in epilepsy mouse models with implications for SUDEP research. Front Neurol. (2023) 13:1040648. doi: 10.3389/fneur.2022.1040648

 5. Pansani AP, Colugnati DB, Scorza CA, De Almeida ACG, Cavalheiro EA, Scorza FA. Furthering our understanding of SUDEP: the role of animal models. Expert Rev Neurother. (2016) 16:561–72. doi: 10.1586/14737175.2016.1169925

 6. Manolis TA, Manolis ASA, Melita H, Manolis ASA. Sudden unexpected death in epilepsy: the neuro-cardio-respiratory connection. Seizure. (2019) 64:65–73. doi: 10.1016/j.seizure.2018.12.007

 7. Martin B, Dieuset G, Pawluski JL, Costet N, Biraben A. Audiogenic seizure as a model of sudden death in epilepsy: a comparative study between four inbred mouse strains from early life to adulthood. Epilepsia. (2020) 61:342–9. doi: 10.1111/epi.16432

 8. Ross KC, Coleman JR. Developmental and genetic audiogenic seizure models: behavior and biological substrates. Neurosci Biobehav Rev. (2000) 24:639–53. doi: 10.1016/S0149-7634(00)00029-4

 9. De Sarro G, Russo E, Citraro R, Meldrum BS. Genetically epilepsy-prone rats (GEPRs) and DBA/2 mice: two animal models of audiogenic reflex epilepsy for the evaluation of new generation AEDs. Epilepsy Behav. (2017) 71:165–73. doi: 10.1016/j.yebeh.2015.06.030

 10. Mameli O, Caria MA. Sudden Death in Epilepsy : Forensic and Clinical Issues (1). In: Lathers CM, Schraeder PL, Bungo MW, editors. (2010). p. 591–613. Available online at: https://www.routledge.com/Sudden-Death-in-Epilepsy-Forensic-and-Clinical-Issues/Lathers-Schraeder-Bungo-Leestma/p/book/9781439802229 (accessed April 17, 2023).

 11. Feng HJ, Faingold CL. Abnormalities of serotonergic neurotransmission in animal models of SUDEP. Epilepsy Behav. (2017) 71:174–80. doi: 10.1016/j.yebeh.2015.06.008

 12. Sveinsson O, Andersson T, Mattsson P, Carlsson S, Tomson T. Clinical risk factors in SUDEP: a nationwide population-based case-control study. Neurology. (2020) 94:e419–29. doi: 10.1212/WNL.0000000000008741

 13. Yan F, Zhang F, Yan Y, Zhang L, Chen Y. Sudden unexpected death in epilepsy: investigation of autopsy-based studies. Front Neurol. (2023) 14:1126652. doi: 10.3389/fneur.2023.1126652

 14. Sahly AN, Shevell M, Sadleir LG, Myers KA. SUDEP risk and autonomic dysfunction in genetic epilepsies. Auton Neurosc.i. (2022) 237:102907. doi: 10.1016/j.autneu.2021.102907

 15. Donnan AM, Schneider AL, Russ-Hall S, Churilov L, Scheffer IE. Rates of status epilepticus and sudden unexplained death in epilepsy in people with genetic developmental and epileptic encephalopathies. Neurology. (2023) 100:e1712–e1722. doi: 10.1212/WNL.0000000000207080

 16. Abdel-Mannan O, Taylor H, Donner EJ, Sutcliffe AG. A systematic review of sudden unexpected death in epilepsy (SUDEP) in childhood. Epilepsy Behav. (2019) 90:99–106. doi: 10.1016/j.yebeh.2018.11.006

 17. Whitney R, Sharma S, Ramachandrannair R. Sudden unexpected death in epilepsy in children. Dev Med Child Neurol. (2023). doi: 10.1111/dmcn.15553

 18. Trivisano M, Muccioli L, Ferretti A, Lee HF, Chi CS, Bisulli F. Risk of SUDEP during infancy. Epilepsy Behav. (2022) 131:107896. doi: 10.1016/j.yebeh.2021.107896

 19. Mastrangelo M, Esposito D. Paediatric sudden unexpected death in epilepsy: from pathophysiology to prevention. Seizure. (2022) 101:20. doi: 10.1016/j.seizure.2022.07.020

 20. Shmuely S, Sisodiya SM, Gunning WB, Sander JW, Thijs RD. Mortality in Dravet syndrome: a review. Epilepsy Behav. (2016) 64:69–74. doi: 10.1016/j.yebeh.2016.09.007

 21. Keller AE, Whitney R, Li SA, Pollanen MS, Donner EJ. Incidence of sudden unexpected death in epilepsy in children is similar to adults. Neurology. (2018) 91:e107–11. doi: 10.1212/WNL.0000000000005762

 22. Abdel-Mannan O, Venkatesan TC, Sutcliffe AG. Paediatric sudden unexpected death in epilepsy (SUDEP): is it truly unexplained? Paediatr Child Health. (2022) 32:382–7. doi: 10.1016/j.paed.2022.07.010

 23. Faingold C, Tupal S, N'Gouemo P. Genetic Models of Reflex Epilepsy and SUDEP in Rats and Mice. Model Seiz Epilep Second Ed. (2017) 441–53. Chapter 31. doi: 10.1016/B978-0-12-804066-9.00032-8

 24. Irizarry R, Sukato D, Kollmar R, Schild S, Silverman J, Sundaram K, et al. Seizures induce obstructive apnea in DBA/2J audiogenic seizure-prone mice: lifesaving impact of tracheal implants. Epilepsia. (2020) 61:e13–6. doi: 10.1111/epi.16431

 25. Tupal S, Faingold CL. Evidence supporting a role of serotonin in modulation of sudden death induced by seizures in DBA/2 mice. Epilepsia. (2006) 47:21–6. doi: 10.1111/j.1528-1167.2006.00365.x

 26. Venit EL, Shepard BD, Seyfried TN. Oxygenation prevents sudden death in seizure-prone mice. Epilepsia. (2004) 45:993–6. doi: 10.1111/j.0013-9580.2004.02304.x

 27. Faingold CL, Tupal S. Neuronal network interactions in the startle reflex, learning mechanisms, and cns disorders, including sudden unexpected death in epilepsy. Neuronal Networks Brain Funct CNS Disord Ther. (2014) 407–18. Chapter 29. doi: 10.1016/B978-0-12-415804-7.00029-0

 28. Faingold CL, Randall M, Kommajosyula SP. Susceptibility to seizure-induced sudden death in DBA/2 mice is altered by adenosine. Epilepsy Res. (2016) 124:49–54. doi: 10.1016/j.eplepsyres.2016.05.007

 29. Seo MS, Lee B, Kang KK, Sung SE, Choi JH, Lee SJ, et al. Phenotype of the aging-dependent spontaneous onset of hearing loss in DBA/2 mice. Vet Sci. (2021) 8:49. doi: 10.3390/vetsci8030049

 30. Yang L, Zhang H, Han X, Zhao X, Hu F, Li P, et al. Attenuation of hearing loss in DBA/2J mice by anti-apoptotic treatment. Hear Res. (2015) 327:109–16. doi: 10.1016/j.heares.2015.05.006

 31. Ahn JH, Kang HH, Kim TY, Shin JE, Chung JW. Lipoic acid rescues DBA mice from early-onset age-related hearing impairment. Neuroreport. (2008) 19:1265–9. doi: 10.1097/WNR.0b013e328308b338

 32. Johnson KR, Longo-Guess C, Gagnon LH Yu H, Zheng QY. A locus on distal chromosome 11 (ahl8) and its interaction with Cdh23 ahl underlie the early onset, age-related hearing loss of DBA/2J mice. Genomics. (2008) 92:219–25. doi: 10.1016/j.ygeno.2008.06.007

 33. Suzuki S, Ishikawa M, Ueda T, Ohshiba Y, Miyasaka Y, Okumura K, et al. Quantitative trait loci on chromosome 5 for susceptibility to frequency-specific effects on hearing in DBA/2J mice. Exp Anim. (2015) 64:241–51. doi: 10.1538/expanim.14-0110

 34. Neumann PE, Seyfried TN. Mapping of two genes that influence susceptibility to audiogenic seizures in crosses of C57BL/6J and DBA/2J mice. Behav Genet. (1990) 20:307–23. doi: 10.1007/BF01067798

 35. Neumann PE, Collins RL. Confirmation of the influence of a chromosome 7 locus on susceptibility to audiogenic seizures. Mamm Genome. (1992) 3:250–3. doi: 10.1007/BF00292152

 36. Jawahar MC, Sari CI, Wilson YM, Lawrence AJ, Brodnicki T, Murphy M. Audiogenic seizure proneness requires the contribution of two susceptibility loci in mice. Neurogenetics. (2011) 12:253–7. doi: 10.1007/s10048-011-0289-2

 37. Ferraro TN, Golden GT, Smith GG, Martin JF, Lohoff FW, Gieringer TA, et al. Fine mapping of a seizure susceptibility locus on mouse chromosome 1: nomination of Kcnj10 as a causative gene. Mamm Genome. (2004) 15:239–51. doi: 10.1007/s00335-003-2270-3

 38. Inyushin M, Kucheryavykh LY, Kucheryavykh YV, Nichols CG, Buono RJ, Ferraro TN, et al. Potassium channel activity and glutamate uptake are impaired in astrocytes of seizure susceptible DBA/2 mice. Epilepsia. (2010) 51:1707–13. doi: 10.1111/j.1528-1167.2010.02592.x

 39. Cervo L, Canetta A, Calcagno E, Burbassi S, Sacchetti G, Caccia S, et al. Genotype-dependent activity of tryptophan hydroxylase-2 determines the response to citalopram in a mouse model of depression. J Neurosci. (2005) 25:8165–72. doi: 10.1523/JNEUROSCI.1816-05.2005

 40. Uteshev V, Tupal S, Mhaskar Y, Faingold CL. Abnormal serotonin receptor expression in DBA/2 mice associated with susceptibility to sudden death due to respiratory arrest. Epilepsy Res. (2010) 88:183–8. doi: 10.1016/j.eplepsyres.2009.11.004

 41. Willott JF, Lu SM. Midbrain pathways of audiogenic seizures in DBA/2 mice. Exp Neurol. (1980) 70:288–99. doi: 10.1016/0014-4886(80)90028-X

 42. Willott JF, Demuth RM, Lu SM. Excitability of auditory neurons in the dorsal and ventral cochlear nuclei of DBA/2 and C57BL/6 mice. Exp Neurol. (1984) 83:495–506. doi: 10.1016/0014-4886(84)90118-3

 43. Suthakar K, Ryugo DK. Descending projections from the inferior colliculus to medial olivocochlear efferents: Mice with normal hearing, early onset hearing loss, and congenital deafness. Hear Res. (2017) 343:34–49. doi: 10.1016/j.heares.2016.06.014

 44. Kouchi H, Ogier M, Dieuset G, Morales A, Georges B, Rouanet JL, et al. Respiratory dysfunction in two rodent models of chronic epilepsy and acute seizures and its link with the brainstem serotonin system. Sci Rep. (2022) 12:10248. doi: 10.1038/s41598-022-14153-6

 45. Le Gal La Salle G, Naquet R. Audiogenic seizures evoked in DBA/2 mice induce c-fos oncogene expression into subcortical auditory nuclei. Brain Res. (1990) 518:308–12. doi: 10.1016/0006-8993(90)90988-N

 46. Takao T, Murakami H, Fukuda M, Kawaguchi T, Kakita A, Takahashi H, et al. Transcranial imaging of audiogenic epileptic foci in the cortex of DBA/2J mice. Neuroreport. (2006) 17:267–71. doi: 10.1097/01.wnr.0000201505.61373.42

 47. Faingold CL, Randall M, Mhaskar Y, Uteshev V. Differences in serotonin receptor expression in the brainstem may explain the differential ability of a serotonin agonist to block seizure-induced sudden death in DBA/2 vs. DBA/1 mice. Brain Res. (2011) 1418:104–10. doi: 10.1016/j.brainres.2011.08.043

 48. Kommajosyula SP, Randall ME, Brozoski TJ, Odintsov BM, Faingold CL. Specific subcortical structures are activated during seizure-induced death in a model of sudden unexpected death in epilepsy (SUDEP): a manganese-enhanced magnetic resonance imaging study. Epilepsy Res. (2017) 135:87–94. doi: 10.1016/j.eplepsyres.2017.05.011

 49. Shen HY Li T, Boison D. A novel mouse model for sudden unexpected death in epilepsy (SUDEP): role of impaired adenosine clearance. Epilepsia. (2010) 51:465–8. doi: 10.1111/j.1528-1167.2009.02248.x

 50. Jazrawi SP, Horton RW. Brain adrenoceptor binding sites in mice susceptible (DBA/2J) and resistant (C57 Bl/6) to audiogenic seizures. J Neurochem. (1986) 47:173–7. doi: 10.1111/j.1471-4159.1986.tb02846.x

 51. Dailey JW, Jobe PC. Effect of increments in the concentration of dopamine in the central nervous system on audiogenic seizures in DBA/2J mice. Neuropharmacology. (1984) 23:1019–24. doi: 10.1016/0028-3908(84)90123-0

 52. Chapman AG, Elwes RD, Millan MH, Polkey CE, Meldrum BS. Role of glutamate and aspartate in epileptogenesis; contribution of microdialysis studies in animal and man. Epilepsy Res. (1996) 12(Suppl.):239–46.

 53. Marley RJ, Wehner JM. Correlation between the enhancement of flunitrazepam binding by GABA and seizure susceptibility in mice. Life Sci. (1987) 40:2215–24. doi: 10.1016/0024-3205(87)90056-7

 54. Schwartz RD, Seale TW, Skolnick P, Paul SM. Differential seizure sensitivities to picrotoxinin in two inbred strains of mice (DBA/2J and BALB/c ByJ): parallel changes in GABA receptor-mediated chloride flux and receptor binding. Brain Res. (1989) 481:169–74. doi: 10.1016/0006-8993(89)90499-X

 55. Yu O, Ito M, Chiu TH, Rosenberg HC. GABA-gated chloride ion influx and receptor binding studies in C57BL6J and DBA2J mice. Brain Res. (1986) 399:374–8. doi: 10.1016/0006-8993(86)91531-3

 56. Jobe PC, Laird HE. Neurotransmitter abnormalities as determinants of seizure susceptibility and intensity in the genetic models of epilepsy. Biochem Pharmacol. (1981) 30:3137–44. doi: 10.1016/0006-2952(81)90510-4

 57. Hilaire G, Voituron N, Menuet C, Ichiyama RM, Subramanian HH, Dutschmann M, et al. Dysfunction. Respir Physiol Neurobiol. (2010) 174:76. doi: 10.1016/j.resp.2010.08.017

 58. Richerson GB, Buchanan GF. The serotonin axis: Shared mechanisms in seizures, depression, and SUDEP. Epilepsia. (2011) 52(Suppl. 1):28–38. doi: 10.1111/j.1528-1167.2010.02908.x

 59. Buchanan GF, Murray NM, Hajek MA, Richerson GB. Serotonin neurones have anti-convulsant effects and reduce seizure-induced mortality. J Physiol. (2014) 592:4395. doi: 10.1113/jphysiol.2014.277574

 60. Calcagno E, Canetta A, Guzzetti S, Cervo L, Invernizzi RW. Strain differences in basal and post-citalopram extracellular 5-HT in the mouse medial prefrontal cortex and dorsal hippocampus: relation with tryptophan hydroxylase-2 activity. J Neurochem. (2007) 103:1111–20. doi: 10.1111/j.1471-4159.2007.04806.x

 61. Schlesinger K, Boggan W, Freedman DX, Genetics of audiogenic seizures: I. Relation to brain serotonin and norepinephrine in mice. Life Sci. (1965) 4:2345–51. doi: 10.1016/0024-3205(65)90289-4

 62. Sparks DL, Buckholtz NS. Combined inhibition of serotonin uptake and oxidative deamination attenuates audiogenic seizures in DBA/2J mice. Pharmacol Biochem Behav. (1985) 23:753–7. doi: 10.1016/0091-3057(85)90067-X

 63. Boggan WO, Seiden LS. 5-Hydroxytryptophan reversal of reserpine enhancement of audiogenic seizure susceptibility in mice. Physiol Behav. (1973) 10:9–12. doi: 10.1016/0031-9384(73)90077-2

 64. Jordan D. Vagal control of the heart: central serotonergic (5-HT) mechanisms. Exp Physiol. (2005) 90:175–81. doi: 10.1113/expphysiol.2004.029058

 65. Bourson A, Kapps V, Zwingelstein C, Rudler A, Boess FG, Sleight AJ. Correlation between 5-HT7 receptor affinity and protection against sound-induced seizures in DBA/2J mice. Naunyn Schmiedebergs Arch Pharmacol. (1997) 356:820–6. doi: 10.1007/PL00005123

 66. Semenova TP, Ticku MK. Effects of 5-HT receptor antagpnist on seizure susceptibility and locomotor activity in DBA/2 mice. Brain Res. (1992) 588:229–36. doi: 10.1016/0006-8993(92)91580-8

 67. Peters RI, Lack DB. Audiogenic seizures and brain serotonin after L-tryptophan and p-chlorophenylalanine. Exp Neurol. (1985) 90:540–8. doi: 10.1016/0014-4886(85)90151-7

 68. Purnell B, Murugan M, Jani R, Boison D. The good, the bad, and the deadly: adenosinergic mechanisms underlying sudden unexpected death in epilepsy. Front Neurosci. (2021) 15:708304. doi: 10.3389/fnins.2021.708304

 69. De Sarro G, De Sarro A, Di Paola ED, Bertorelli R. Effects of adenosine receptor agonists and antagonists on audiogenic seizure-sensible DBA/2 mice. Eur J Pharmacol. (1999) 371:137–45. doi: 10.1016/S0014-2999(99)00132-6

 70. Boggan WO, Seiden LS. Dopa reversal of reserpine enhancement of audiogenic seizure susceptibility in mice. Physiol Behav. (1971) 6:215–7. doi: 10.1016/0031-9384(71)90028-X

 71. Anlezark GM, Blackwood DHR, Meldrum BS, Ram VJ, Neumeyer JL. Comparative assessment of dopamine agonist aporphines as anticonvulsants in two models of reflex epilepsy. Psychopharmacology. (1983) 81:135–9. doi: 10.1007/BF00429007

 72. Chapman AG, Croucher MJ, Meldrum BS. Evaluation of anticonvulsant drugs in DBA/2 mice with sound-induced seizures. Arzneimittelforschung. (1984) 34:1261–4. http://www.ncbi.nlm.nih.gov/pubmed/6542784

 73. Rowley HL, Ellis Y, Davies JA. Age-related effects of NMDA-stimulated concomitant release of nitric oxide and glutamate in cortical slices prepared from DBA/2 mice. Brain Res. (1993) 613:49–53. doi: 10.1016/0006-8993(93)90452-S

 74. Bashkatova VG, Mikoyan VD, Malikova LA, Raevskii KS. Role of nitric oxide and lipid peroxidation in pathophysiological mechanisms of audiogenic seizures in GEP Rats and DBA/2 mice. Bull Exp Biol Med. (2003) 136:7–10. doi: 10.1023/A:1026064107856

 75. Moldrich RX, Beart PM, Jane DE, Chapman AG, Meldrum BS. Anticonvulsant activity of 3,4-dicarboxyphenylglycines in DBA/2 mice. Neuropharmacology. (2001) 40:732–5. doi: 10.1016/S0028-3908(01)00002-8

 76. Moldrich RX, Chapman AG, De Sarro G, Meldrum BS. Glutamate metabotropic receptors as targets for drug therapy in epilepsy. Eur J Pharmacol. (2003) 476:3–16. doi: 10.1016/S0014-2999(03)02149-6

 77. Conti P, Pinto A, Tamborini L, Grazioso G, De Sarro G, Bräuner-Osborne H, et al. Synthesis of conformationally constrained glutamic acid homologues and investigation of their pharmacological profiles. ChemMedChem. (2007) 2:1639–47. doi: 10.1002/cmdc.200700118

 78. Gitto R, Caruso R, Orlando V, Quartarone S, Barreca ML, Ferreri G, et al. Synthesis and anticonvulsant properties of tetrahydroisoquinoline derivatives. Farmaco. (2004) 59:7–12. doi: 10.1016/j.farmac.2003.10.003

 79. Chapman AG, Woodburn VL, Woodruff GN, Meldrum BS. Anticonvulsant effect of reduced NMDA receptor expression in audiogenic DBA/2 mice. Epilepsy Res. (1996) 26:25–35. doi: 10.1016/S0920-1211(96)00036-8

 80. Faingold CL. Role of GABA abnormalities in the inferior colliculus pathophysiology - Audiogenic seizures. Hear Res. (2002) 168:223–37. doi: 10.1016/S0378-5955(02)00373-8

 81. Horton RW, Collins JF, Anlezark GM, Meldrum BS. Convulsant and anticonvulsant actions in DBA/2 mice of compounds blocking the reuptake of GABA. Eur J Pharmacol. (1979) 59:75–83. doi: 10.1016/0014-2999(79)90026-8

 82. Gatta E, Cupello A, Di Braccio M, Grossi G, Robello M, Scicchitano F, et al. Anticonvulsive activity in audiogenic DBA/2 mice of 1,4-benzodiazepines and 1,5-benzodiazepines with different activities at cerebellar granule cell GABAA receptors. J Mol Neurosci. (2016) 60:539–47. doi: 10.1007/s12031-016-0838-0

 83. Sykes CC, Horton RW. Cerebral glutamic acid decarboxylase activity and gamma-aminobutyric acid concentrations in mice susceptible or resistant to audiogenic seizures. J Neurochem. (1982) 39:1489–91. doi: 10.1111/j.1471-4159.1982.tb12597.x

 84. De Luca G, Di Giorgio RM, Macaione S, Calpona PR, Costantino S, Di Paola ED, et al. Susceptibility to audiogenic seizure and neurotransmitter amino acid levels in different brain areas of IL-6-deficient mice. Pharmacol Biochem Behav. (2004) 78:75–81. doi: 10.1016/j.pbb.2004.02.004

 85. Horton RW, Prestwich SA, Meldrum BS. Gamma-aminobutyric acid and benzodiazepine binding sites in audiogenic seizure-susceptible mice. J Neurochem. (1982) 39:864–70. doi: 10.1111/j.1471-4159.1982.tb07972.x

 86. Ticku MK. Differences in γ-aminobutyric acid receptor sensitivity in inbred strains of mice. J Neurochem. (1979) 33:1135–8. doi: 10.1111/j.1471-4159.1979.tb05253.x

 87. Robertson HA. Audiogenic seizures: increased benzodiazepin receptor binding in a susceptible strain of mice. Eur J Pharmacol. (1980) 66:249–52. doi: 10.1016/0014-2999(80)90149-1

 88. Dalby NO. GABA-level increasing and anticonvulsant effects of three different GABA uptake inhibitors. Neuropharmacology. (2000) 39:2399–407. doi: 10.1016/S0028-3908(00)00075-7

 89. De Sarro G, Carotti A, Campagna F, McKernan R, Rizzo M, Falconi U, et al. Benzodiazepine receptor affinities, behavioral, and anticonvulsant activity of 2-aryl-2,5-dihydropyridazino[4,3-b]indol- 3(3H)-ones in mice. Pharmacol Biochem Behav. (2000) 65:475–87. doi: 10.1016/S0091-3057(99)00230-0

 90. De Sarro G, Chimirri A, McKernan R, Quirk K, Giusti P, De Sarro A. Anticonvulsant activity of azirino[1,2-d][1,4]benzodiazepines and related 1,4-benzodiazepines in mice. Pharmacol Biochem Behav. (1997) 58:281–9. doi: 10.1016/S0091-3057(96)00565-5

 91. Andrews N, Davis B, Gonzalez MI, Oles R, Singh L, McKnight AT. Effect of gastrin-releasing peptide on rat hippocampal extracellular GABA levels and seizures in the audiogenic seizure-prone DBA/2 mouse. Brain Res. (2000) 859:386–9. doi: 10.1016/S0006-8993(00)02010-2

 92. Korff S, Riechert N, Schoensiegel F, Weichenhan D, Autschbach F, Katus HA, et al. Calcification of myocardial necrosis is common in mice. Virchows Arch. (2006) 448:630–8. doi: 10.1007/s00428-005-0071-7

 93. Zhao H, Zhang H, Schoen FJ, Schachter SC, Feng HJ. Repeated generalized seizures can produce calcified cardiac lesions in DBA/1 mice. Epilep Behav. (2019) 95:169–74. doi: 10.1016/j.yebeh.2019.04.010

 94. Dong R, Liu P, Wee L, Butany J, Sole MJ. Verapamil ameliorates the clinical and pathological course of murine myocarditis. J Clin Invest. (1992) 90:2022–30. doi: 10.1172/JCI116082

 95. Donato Di Paola E, Gareri P, Davoli A, Gratteri S, Scicchitano F, Naccari C, et al. Influence of levetiracetam on the anticonvulsant efficacy of conventional antiepileptic drugs against audiogenic seizures in DBA/2 mice. Epilepsy Res. (2007) 75:112–21. doi: 10.1016/j.eplepsyres.2007.04.008

 96. De Sarro G, Ongini E, Bertorelli R, Aguglia U, De Sarro A. Excitatory amino acid neurotransmission through both NMDA and non-NMDA receptors is involved in the anticonvulsant activity of felbamate in DBA/2 mice. Eur J Pharmacol. (1994) 262:11–9. doi: 10.1016/0014-2999(94)90022-1

 97. De Sarro G, Di Paola ED, Conte G, Pasculli MP, De Sarro A. Influence of retigabine on the anticonvulsant activity of some antiepileptic drugs against audiogenic seizures in DBA/2 mice. Naunyn Schmiedebergs Arch Pharmacol. (2001) 363:330–6. doi: 10.1007/s002100000361

 98. Russo E, Donato Di Paola E, Gareri P, Siniscalchi A, Labate A, Gallelli L, et al. Pharmacodynamic potentiation of antiepileptic drugs' effects by some HMG-CoA reductase inhibitors against audiogenic seizures in DBA/2 mice. Pharmacol Res. (2013) 70:1–12. doi: 10.1016/j.phrs.2012.12.002

 99. De Sarro G, Paola ED Di, Gratteri S, Gareri P, Rispoli V, Siniscalchi A, et al. Fosinopril and zofenopril, two angiotensin-converting enzyme (ACE) inhibitors, potentiate the anticonvulsant activity of antiepileptic drugs against audiogenic seizures in DBA/2 mice. Pharmacol Res. (2012) 65:285–96. doi: 10.1016/j.phrs.2011.11.005

 100. Hanada T, Hashizume Y, Tokuhara N, Takenaka O, Kohmura N, Ogasawara A, et al. Perampanel: a novel, orally active, noncompetitive AMPA-receptor antagonist that reduces seizure activity in rodent models of epilepsy. Epilepsia. (2011) 52:1331–40. doi: 10.1111/j.1528-1167.2011.03109.x

 101. Matagne A, Margineanu DG, Kenda B, Michel P, Klitgaard H. Anti-convulsive and anti-epileptic properties of brivaracetam (ucb 34714), a high-affinity ligand for the synaptic vesicle protein, SV2A. Br J Pharmacol. (2008) 154:1662–71. doi: 10.1038/bjp.2008.198

 102. De Sarro G, Ferreri G, Gareri P, Russo E, De Sarro A, Gitto R, et al. Comparative anticonvulsant activity of some 2,3-benzodiazepine derivatives in rodents. Pharmacol Biochem Behav. (2003) 74:595–602. doi: 10.1016/S0091-3057(02)01040-7

 103. Brown JW, Moeller A, Schmidt M, Turner SC, Nimmrich V, Ma J, et al. Anticonvulsant effects of structurally diverse GABA(B) positive allosteric modulators in the DBA/2J audiogenic seizure test: comparison to baclofen and utility as a pharmacodynamic screening model. Neuropharmacology. (2016) 101:358–69. doi: 10.1016/j.neuropharm.2015.10.009

 104. Micale N, Zappalà M, Grasso S, Puja G, De Sarro G, Ferreri G, et al. Novel potent AMPA/kainate receptor antagonists: synthesis and anticonvulsant activity of a series of 2-[(4-alkylsemicarbazono)-(4-amino-phenyl)methyl]-4,5-methylenedioxyphenylacetic acid alkyl esters. J Med Chem. (2002) 45:4433–42. doi: 10.1021/jm020863y

 105. De Sarro G, Siniscalchi A, Ferreri G, Gallelli L, De Sarro A. NMDA and AMPA/kainate receptors are involved in the anticonvulsant activity of riluzole in DBA/2 mice. Eur J Pharmacol. (2000) 408:25–34. doi: 10.1016/S0014-2999(00)00709-3

 106. Russo E, Constanti A, Ferreri G, Citraro R, De Sarro G. Nifedipine affects the anticonvulsant activity of topiramate in various animal models of epilepsy. Neuropharmacology. (2004) 46:865–78. doi: 10.1016/j.neuropharm.2003.11.028

 107. Sparks DL, Buckholtz NS. Effects of 6-methoxy-1,2,3,4-tetrahydro-beta-carboline (6-MeO-THbetaC) on audiogenic seizures in DBA/2J mice. Pharmacol Biochem Behav. (1980) 12:119–24. doi: 10.1016/0091-3057(80)90425-6

 108. De Sarro G, Donato Di Paola E, Falconi U, Ferreri G, De Sarro A. Repeated treatment with adenosine A1 receptor agonist and antagonist modifies the anticonvulsant properties of CPPene. Eur J Pharmaco.l. (1996) 317:239–45. doi: 10.1016/S0014-2999(96)00746-7

 109. De Sarro A, Imperatore C, Mastroeni P, De Sarro G. Comparative convulsant potencies of two carbapenem derivatives in C57 and DBA/2 mice. J Pharm Pharmacol. (1995) 47:292–6. doi: 10.1111/j.2042-7158.1995.tb05798.x

 110. Citraro R, Russo E, Leo A, Russo R, Avagliano C, Navarra M, et al. Pharmacokinetic-pharmacodynamic influence of N-palmitoylethanolamine, arachidonyl-2′-chloroethylamide and WIN 55,212-2 on the anticonvulsant activity of antiepileptic drugs against audiogenic seizures in DBA/2 mice. Eur J Pharmacol. (2016) 791:523–34. doi: 10.1016/j.ejphar.2016.09.029

 111. Hill AJ, Mercier MS, Hill TDM, Glyn SE, Jones NA, Yamasaki Y, et al. Cannabidivarin is anticonvulsant in mouse and rat. Br J Pharmacol. (2012) 167:1629–42. doi: 10.1111/j.1476-5381.2012.02207.x

 112. Hill TDM, Cascio MG, Romano B, Duncan M, Pertwee RG, Williams CM, et al. Cannabidivarin-rich cannabis extracts are anticonvulsant in mouse and rat via a CB1 receptor-independent mechanism. Br J Pharmacol. (2013) 170:679–92. doi: 10.1111/bph.12321

 113. Gareri P, Condorelli D, Belluardo N, Gratteri S, Ferreri G, Donato Di Paola E, et al. Influence of carbenoxolone on the anticonvulsant efficacy of conventional antiepileptic drugs against audiogenic seizures in DBA/2 mice. Eur J Pharmacol. (2004) 484:49–56. doi: 10.1016/j.ejphar.2003.10.047

 114. Vincze R, Péter M, Szabó Z, Kardos J, Héja L, Kovács Z. Connexin 43 differentially regulates epileptiform activity in models of convulsive and non-convulsive epilepsies. Front Cell Neurosci. (2019) 13:173. doi: 10.3389/fncel.2019.00173

 115. Volnova A, Tsytsarev V, Ganina O, Vélez-Crespo GE, Alves JM, Ignashchenkova A, Inyushin M. The anti-epileptic effects of carbenoxolone in vitro and in vivo. Int J Mol Sci. (2022) 23:663. doi: 10.3390/ijms23020663

 116. Liu B, Ran X, Yi Y, Zhang X, Chen H, Hu Y. Anticonvulsant effect of carbenoxolone on chronic epileptic rats and its mechanism related to connexin and high-frequency oscillations. Front Mol Neurosc.i. (2022) 15:870947. doi: 10.3389/fnmol.2022.870947

 117. De Sarro G, Di Paola ED, Ferreri G, De Sarro A, Fischer W. Influence of some beta-adrenoceptor antagonists on the anticonvulsant potency of antiepileptic drugs against audiogenic seizures in DBA/2 mice. Eur J Pharmacol. (2002) 442:205–13. doi: 10.1016/S0014-2999(02)01536-4

 118. De Sarro G, Gratteri S, Naccari F, Pasculli MP, De Sarro A. Influence of D-cycloserine on the anticonvulsant activity of some antiepileptic drugs against audiogenic seizures in DBA/2 mice. Epilepsy Res. (2000) 40:109–21. doi: 10.1016/S0920-1211(00)00113-3

 119. Citraro R, Navarra M, Leo A, Di Paola ED, Santangelo E, Lippiello P, et al. The anticonvulsant activity of a flavonoid-rich extract from orange juice involves both NMDA and GABA-benzodiazepine receptor complexes. Molecules. (2016) 21. doi: 10.3390/molecules21091261

 120. Bruno E, Buemi MR, De Luca L, Ferro S, Monforte AM, Supuran CT, et al. In vivo evaluation of selective carbonic anhydrase inhibitors as potential anticonvulsant agents. ChemMedChem. (2016) 11:1812–8. doi: 10.1002/cmdc.201500596

 121. Garbuz DG, Davletshin AA, Litvinova SA, Fedotova IB, Surina NM, Poletaeva II. Rodent models of audiogenic epilepsy: genetic aspects, advantages, current problems and perspectives. Biomedicines. (2022) 10:2934. doi: 10.3390/biomedicines10112934

 122. Schraeder P, Lathers C. DBA mice as models of sudden unexpected death in epilepsy. Sudd Death Epileps.y. (2010) 695–712.

 123. Wenker IC, Teran FA, Wengert ER, Wagley PK, Panchal PS, Blizzard EA, et al. Postictal death is associated with tonic phase apnea in a mouse model of sudden unexpected death in epilepsy. Ann Neurol. (2021) 89:1023–35. doi: 10.1002/ana.26053

 124. Nei M, Pickard A. The role of convulsive seizures in SUDEP. Auton Neurosci. (2021) 235:102856. doi: 10.1016/j.autneu.2021.102856

 125. Faingold CL, Tupal S, Randall M. Prevention of seizure-induced sudden death in a chronic SUDEP model by semichronic administration of a selective serotonin reuptake inhibitor. Epilepsy Behav. (2011) 22:186–90. doi: 10.1016/j.yebeh.2011.06.015

 126. Ryvlin P, Nashef L, Lhatoo SD, Bateman LM, Bird J, Bleasel A, et al. Incidence and mechanisms of cardiorespiratory arrests in epilepsy monitoring units (MORTEMUS): a retrospective study. Lancet Neurol. (2013) 12:966–77. doi: 10.1016/S1474-4422(13)70214-X

 127. Stewart M, Kollmar R, Nakase K, Silverman J, Sundaram K, Orman R, et al. Obstructive apnea due to laryngospasm links ictal to postictal events in SUDEP cases and offers practical biomarkers for review of past cases and prevention of new ones. Epilepsia. (2017) 58:e87–90. doi: 10.1111/epi.13765

 128. Petrucci AN, Joyal KG, Purnell BS, Buchanan GF. Serotonin and sudden unexpected death in epilepsy. Exp Neurol. (2020) 325:113145. doi: 10.1016/j.expneurol.2019.113145

 129. Bateman LM Li CS, Lin TC, Seyal M. Serotonin reuptake inhibitors are associated with reduced severity of ictal hypoxemia in medically refractory partial epilepsy. Epilepsia. (2010) 51:2211–4. doi: 10.1111/j.1528-1167.2010.02594.x

 130. Lacuey N, Martins R, Vilella L, Hampson JP, Rani MRS, Strohl K, et al. The association of serotonin reuptake inhibitors and benzodiazepines with ictal central apnea. Epilepsy Behav. (2019) 98(Pt A):73–79. doi: 10.1016/j.yebeh.2019.06.029

 131. Kinney HC, Richerson GB, Dymecki SM, Darnall RA, Nattie EE. The brainstem and serotonin in the sudden infant death syndrome. Annu Rev Pathol. (2009) 4:517–50. doi: 10.1146/annurev.pathol.4.110807.092322

 132. Patodia S, Paradiso B, Garcia M, Ellis M, Diehl B, Thom M, et al. Adenosine kinase and adenosine receptors A1 R and A2A R in temporal lobe epilepsy and hippocampal sclerosis and association with risk factors for SUDEP. Epilepsia. (2020) 61:787–97. doi: 10.1111/epi.16487

 133. Guo M, Li T. Adenosine dysfunction in epilepsy and associated comorbidities. Curr Drug Targets. (2022) 23:344–57. doi: 10.2174/1389450122666210928145258

 134. Shen HY, Baer SB, Gesese R, Cook JM, Weltha L, Coffman SQ, et al. Adenosine-A2A receptor signaling plays a crucial role in sudden unexpected death in epilepsy. Front Pharmacol. (2022) 13:910535. doi: 10.3389/fphar.2022.910535

 135. Maguire MJ, Jackson CF, Marson AG, Nevitt SJ. Treatments for the prevention of Sudden Unexpected Death in Epilepsy (SUDEP). Cochrane database Syst Rev. (2020) 4. doi: 10.1002/14651858.CD011792.pub3

 136. Generoso JS, Giridharan V, Lee J, Macedo D, Barichello T. The role of the microbiota-gut-brain axis in neuropsychiatric disorders. Rev Bras Psiquiatr. (2021) 43:293–305. doi: 10.1590/1516-4446-2020-0987

 137. Nirwan N, Vyas P, Vohora D. Animal models of status epilepticus and temporal lobe epilepsy: a narrative review. Rev Neurosci. (2018) 29:757–70. doi: 10.1515/revneuro-2017-0086

 138. Rusina E, Bernard C, Williamson A. The kainic acid models of temporal lobe epilepsy. eNeuro. (2021) 8. doi: 10.1523/ENEURO.0337-20.2021

 139. Lévesque M, Avoli M, Bernard C. Animal models of temporal lobe epilepsy following systemic chemoconvulsant administration. J Neurosci Methods. (2016) 260:45–52. doi: 10.1016/j.jneumeth.2015.03.009

 140. McKhann GM, Wenzel HJ, Robbins CA, Sosunov AA, Schwartzkroin PA. Mouse strain differences in kainic acid sensitivity, seizure behavior, mortality, and hippocampal pathology. Neuroscience. (2003) 122:551–61. doi: 10.1016/S0306-4522(03)00562-1

 141. Schauwecker PE. Strain differences in seizure-induced cell death following pilocarpine-induced status epilepticus. Neurobiol Dis. (2012) 45:297. doi: 10.1016/j.nbd.2011.08.013

 142. Müller CJ, Gröticke I, Hoffmann K, Schughart K, Löscher W. Differences in sensitivity to the convulsant pilocarpine in substrains and sublines of C57BL/6 mice. Genes, Brain Behav. (2009) 8:481–92. doi: 10.1111/j.1601-183X.2009.00490.x

 143. Curia G, Longo D, Biagini G, Jones RSG, Avoli M. The pilocarpine model of temporal lobe epilepsy. J Neurosci Methods. (2008) 172:143–57. doi: 10.1016/j.jneumeth.2008.04.019

 144. Ahmed Juvale II, Che Has AT. The evolution of the pilocarpine animal model of status epilepticus. Heliyo.n. (2020) 6:e04557. doi: 10.1016/j.heliyon.2020.e04557

 145. González A, Nome CG, Bendiksen BA, Sjaastad I, Zhang L, Aleksandersen M, et al. Assessment of cardiac structure and function in a murine model of temporal lobe epilepsy. Epilepsy Res. (2020) 161:106300. doi: 10.1016/j.eplepsyres.2020.106300

 146. Nakase K, Kollmar R, Lazar J, Arjomandi H, Sundaram K, Silverman J, et al. Laryngospasm, central and obstructive apnea during seizures: defining pathophysiology for sudden death in a rat model. Epilepsy Res. (2016) 128:126–39. doi: 10.1016/j.eplepsyres.2016.08.004

 147. Shibley H, Smith BN. Pilocarpine-induced status epilepticus results in mossy fiber sprouting and spontaneous seizures in C57BL/6 and CD-1 mice. Epilepsy Res. (2002) 49:109–20. doi: 10.1016/S0920-1211(02)00012-8

 148. Derera ID, Delisle BP, Smith BN. Functional neuroplasticity in the nucleus tractus solitarius and increased risk of sudden death in mice with acquired temporal lobe epilepsy. eNeuro. (2017) 4. doi: 10.1523/ENEURO.0319-17.2017



OPS/images/fneur-14-1223074-t001.jpg
Neurotransmitters Type of effects Type of receptors Respiration Audiogenic References

seizures/SUDEP

5-HT Lower 5-HT levels Increased expression of - + (25,47)
5-HT2B
Decreased expression of - + (11, 40)
5-HT2C, 5-HT3, and 5-HT4

Adenosine Increases in extracellular Over-stimulation of - + (49)

adenosine adenosine Al and A2a
Noradrenaline Lower levels Reduced number of n + (50)

al-adrenoceptor binding sites

Dopamine Lower DA levels n + (51)
Glutamate Increased function Upregulation of NMDA n + (52)
GABA Decreased function GABA4 n + (53-55)

+, activation; -, inhibition; n, no evidence.





OPS/images/fneur-14-1223074-t002.jpg
ASM running Clonus n ferences
Carbamazepine 106 (8.1-13.8) 4.4 (3.6-5.4) 3.0 (2.6-3.8) (98,99)
Diazepam 0.49 (0.34-0.71) 0.28 (0.2-0.39) 0.24 (0.15-0.39) (98,99)
Ethosuximide 290 (207-406) 138 (96-198) 90 (70-116) (98,99)
Felbamate 114.6 (92-142.7) 48.8 (35-67) 23.1(12.1-44) (98,99)
Gabapentin 38 (16-51) 203 (13.7-30.2) 13.9 (8.7-22.3) (98, 99)
Gabapentin 38 (16-51) 20.3(13.7-30.2) 139 (8.7-22.3) (98,99)
Lamotrigine 6.1(4.6-8.1) 3.5(24-5.1) 1.1 (0.7-1.8) (98,99)
Levetiracetam 15.38 (12.17-19.45) 977 (7.22-13.22) 7.89 (5.89-10.57) (98,99)
Oxcarbazepine 11.4(97-13.3) 42(3.0-5.88) 32(27-379) (98,99)
Perampanel ND ND 047 (100)
Phenobarbital 7.1(5.6-9.0) 3.4(23-5.0) 24(1.7-34) (98,99)
Phenytoin 4.3 (3.1-6.0) 2.5(1.8-3.5) 2.0 (1.6-2.5) (98,99)
Retigabine 1252 (9.92-15.8) 6.78 (4.60-9.99) 4.83 (2.98-7.83) (98,99)
Topiramate 22.9(15.8-33.9) 12.12 (6.94-21.15) 6.12 (3.48-20.88) (98,99)
Valproate 84 (63-114) 43 (33-56) 31(22-43) (98,99)
Brivaracetam ND 2.4 (14-4.0) ND (101)
Unmodified CBDV BDS 127.56 (92. 39-176.12) 73.81 (53.24-102.34) 50.93 (29.85-86.88) Unpublished data

Data are expressed in mg/kg. ND, not determined.






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Audiogenic epileptic DBA/2 mice strain as a model of genetic reflex seizures and SUDEP



		Introduction



		SUDEP in epilepsy



		DBA/2 mouse



		Pathophysiology of audiogenic seizures in DBA/2 mice



		Alteration of neurotransmissions in DBA/2 mice



		Efficacy studies of different drugs on AGS in DBA/2 mice



		DBA/2 mice as relevant models of human SUDEP



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neurology

Audiogenic epileptic DBA/2 mice
strain as a model of genetic reflex
seizures and SUDEP





OPS/images/fneur-14-1223074-g001.gif





OPS/images/fneur-14-1223074-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





