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Abstract

Sudden unexpected death in epilepsy (SUDEP) is a devastating epilepsy complication, and no
effective preventive strategies are currently available for this fatal disorder. Clinical and animal
studies of SUDEP demonstrate that seizure-induced respiratory arrest (S-IRA) is the primary event
leading to death after generalized seizures in many cases. Enhancing brain levels of serotonin
reduces S-IRA in animal models relevant to SUDEP, including the DBA/1 mouse. Given that
serotonin in the brain plays an important role in modulating respiration and arousal, these findings
suggest that deficits in respiration and/or arousal may contribute to S-IRA. It is well known that
norepinephrine is an important neurotransmitter that modulates respiration and arousal in the brain
as well. Therefore, we hypothesized that enhancing noradrenergic neurotransmission suppresses S-
IRA. To test this hypothesis, we examined the effect of atomoxetine, a norepinephrine reuptake
inhibitor (NRI), on S-IRA evoked by either acoustic stimulation or pentylenetetrazole in DBA/1
mice. We report the original observation that atomoxetine specifically suppresses S-IRA without
altering the susceptibility to seizures evoked by acoustic stimulation, and atomoxetine also reduces
S-IRA evoked by pentylenetetrazole in DBA/1 mice. Our data suggest that the noradrenergic
signaling is importantly involved in S-IRA, and that atomoxetine, a medication widely used to
treat attention deficit hyperactivity disorder (ADHD), is potentially useful to prevent SUDEP.
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1. Introduction

Sudden unexpected death in epilepsy (SUDEP) is a major burden on public health compared
with other common neurological disorders, as it is the main contributor to premature deaths
in the population with epilepsy [1-3]. Studies in animal models and SUDEP patients indicate
that seizure-induced respiratory arrest (S-IRA) is the primary instigator that leads to death in
many cases [4-7]. Thus, investigating the mechanisms and treatment of S-IRA will help
develop preventive strategies against SUDEP. Enhancing the levels of brain serotonin, a
monoamine that is involved in respiration and arousal [8, 9], by several selective serotonin
reuptake inhibitors (SSRISs) [6, 10-12] and 5-hydroxytryptophan [7] reduces S-IRA in
animal models relevant to SUDEP, including the DBA/1 mouse. These findings suggest that
deficits in respiration and/or arousal may contribute to S-IRA. Norepinephrine, another
monoamine, is also importantly involved in modulating respiration and arousal [13, 14].
Thus, we hypothesized that enhancing noradrenergic neurotransmission is effective in
preventing S-IRA. In the current study, we tested this hypothesis by examining the effect of
atomoxetine, a norepinephrine reuptake inhibitor (NRI) that enhances the levels of
norepinephrine in the synaptic cleft, on the incidence of S-IRA in DBA/1 mice.

We tested the effect of atomoxetine on S-IRA in DBA/1 mice evoked by either acoustic
stimulation or pentylenetetrazole (PTZ), a chemoconvulsant widely used to model human
generalized tonic-clonic seizures [15]. Our data showed that S-IRA was suppressed by
atomoxetine in DBA/1 mice, independent of seizure induction methods. These observations
suggest that the noradrenergic neurotransmission is importantly involved in the pathogenesis
of S-IRA, and that atomoxetine, a drug commonly used to treat attention deficit
hyperactivity disorder (ADHD), may have significant translational potential to prevent
SUDERP in at-risk patients.

2. Material and methods

2.1. Animals

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Massachusetts General Hospital. DBA/1 mice were housed and bred in the
Massachusetts General Hospital Center for Comparative Medicine animal facility and
provided with rodent food and water ad /ibitum. Some DBA/1 mice were “primed” starting
from postnatal day 26-28 by daily subjecting to acoustic stimulation for 3-4 days to establish
consistent susceptibility to S-IRA [7]. Primed DBA/1 mice at approximately 1-2 months of
age were used in the seizure model induced by acoustic stimulation, and nonprimed DBA/1
at approximately 2 months of age were used in the seizure model evoked by PTZ.

2.2. S-IRA evoked by different seizure models (acoustic stimulation vs. PTZ)

Generalized seizures and S-IRA were evoked either by acoustic stimulation or by
intraperitoneal (IP) administration of PTZ in DBA/1 mice, as previously described [7].
Briefly, in acoustic stimulation model, each DBA/1 mouse was placed in a cylindrical
plexiglass chamber in a sound-isolated room, and audiogenic seizures were evoked using an
electric bell (96 dB SPL, UC4-150, Zhejiang People's Electronics, China). The acoustic
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stimulus was given for a maximum duration of 60 s or until the mouse exhibited tonic
seizures and S-IRA in most cases. Mice with S-IRA were resuscitated using a rodent
respirator (Harvard Apparatus 680, Holliston, MA). S-IRA was also induced in all
nonprimed DBA/1 mice by IP administration of a single dose of PTZ (Cat # P6500; Sigma-
Aldrich, St. Louis, MO) at 75 mg/kg.

2.3. The effect of atomoxetine on S-IRA

A vehicle control group and treatment groups with different dosages of atomoxetine were
included in testing of S-IRA in acoustic stimulation model and PTZ model, respectively. S-
IRA was confirmed 24 hr before atomoxetine or vehicle administration in the acoustic
stimulation model. Atomoxetine (1-50 mg/kg for acoustic stimulation model or 5-15 mg/kg
for PTZ model) or vehicle was administered IP in DBA/1 mice 2 hr prior to acoustic
stimulation or IP injection of PTZ. The occurrence of S-IRA was videotaped for offline
analysis. Atomoxetine (Cat # Y0001586; Sigma-Aldrich) was dissolved in saline for IP
administration.

2.4. Statistical analysis

3. Results

The incidence of S-IRA was compared among drug and control groups using Wilcoxon
Signed Rank test, as these data are nonparametric [7, 16]. The data on the duration of tonic
seizures are parametric, which were reported as mean = SD. One-way ANOVA and post-hoc
Tukey's test were used to compare the duration of tonic seizures among drug and control
groups. Statistical significance was inferred if p < 0.05.

3.1. The effect of atomoxetine on S-IRA evoked by acoustic stimulation

Audiogenic seizures in DBA/1 mice are characterized by wild running episodes and
generalized tonic-clonic seizures [2]. The incidence of S-IRA was significantly lower in the
groups treated with the NRI atomoxetine at 10 mg/kg (54.5%, n = 11; p < 0.05) and 15
mg/kg (10%, n = 10; p < 0.01) as compared with vehicle control group (100%, n =7) in
primed DBA/1 mice. S-IRA was suppressed by atomoxetine at 20 mg/kg in all 7 mice tested,
which was significantly different from vehicle control group (p < 0.01). As atomoxetine
dosages were further increased, its effect on S-IRA became less effective, although a
significantly lower incidence of S-IRA was still observed at 40 mg/kg atomoxetine (44.4%,
n=9; p <0.05) as compared with vehicle control group. Atomoxetine at lower dosages (1
and 5 mg/kg) and at the highest dosage (50 mg/kg) tested did not significantly suppress S-
IRA in these mice (Fig 1).

In the effective dosage range (10-40 mg/kg), atomoxetine specifically suppressed S-IRA
without interrupting any seizure behaviors in most of the mice that did not exhibit S-IRA.
Although atomoxetine at 15 mg/kg and 40 mg/kg blocked generalized tonic-clonic seizures
and tonic seizures in one DBA/1 mouse, respectively, these two mice still exhibited wild
running and/or clonic audiogenic seizures. As S-IRA always follows tonic seizures in
DBA/1 mice, we also compared the duration of tonic seizures in the absence and presence of
atomoxetine. The duration of tonic seizures at 10 mg/kg (12.2 +1.3 sec), 15 mg/kg (10.9
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+4.0 sec), 20 mg/kg (12.7 + 1.5 sec) or 40 mg/kg (10.8 + 4.2 sec) atomoxetine was not
significantly different from that in vehicle control group (11.7 + 1.1 sec) (Fig 2).
Administration of atomoxetine did not result in any obvious behavioral changes in the
absence of seizures in DBA/1 mice.

3.2. The effect of atomoxetine on S-IRA evoked by PTZ

To exclude the possibility that atomoxetine action on S-IRA is dependent on seizure models,
we also tested the effect of atomoxetine on S-IRA evoked by PTZ in nonprimed DBA/1
mice, never exposed to acoustic stimulation. As compared with the incidence of S-IRA
evoked by PTZ in vehicle control group (100%, n = 6), the incidence of S-IRA was
significantly lower in the groups treated with atomoxetine at 10 mg/kg (28.6%, n=7; p <
0.05) and 15 mg/kg (28.6%, n = 7; p < 0.05). Atomoxetine at 5 mg/kg did not significantly
suppress S-IRA in these mice (Fig 3).

4. Discussion

In the current study, we demonstrate that atomoxetine, an NRI, suppresses S-IRA in DBA/1
mice, regardless of seizure induction methods. The suppressant effect of atomoxetine on S-
IRA evoked by acoustic stimulation is dose-dependent. The maximal reduction in the
incidence of S-IRA was observed at 20 mg/kg atomoxetine. Further increase in the dosages
diminished the suppressant effect of atomoxetine, probably due to activation of presynaptic
adrenergic a2 autoreceptors that inhibit norepinephrine release [14]. Although atomoxetine
was reported to produce protective effect against seizures at higher dosages in animal
models [17], and atomoxetine at relatively lower dosages is associated with reduced seizure
risk in patients [18], we observed that atomoxetine at 10-40 mg/kg reduced S-IRA without
interfering with audiogenic seizure behaviors in most of animals tested. The duration of
tonic phase of audiogenic seizures in atomoxetine treatment group was not significantly
different from that in control group, indicating that atomoxetine specifically blocks S-IRA
without affecting the severity of audiogenic seizures. It is not known why generalized tonic
and/or clonic seizures were suppressed by atomoxetine in two DBA/1 mice.

Foregoing studies implicate serotonergic signaling in the pathogenesis of S-IRA [19]. For
example, several SSRIs specifically suppress S-IRA without altering seizure susceptibility in
animal models relevant to SUDEP [10-12, 16, 20]. Our recent study shows that 5-
hydroxytryptophan, a chemical precursor for serotonin synthesis, selectively reduces S-IRA
without interfering with audiogenic seizure susceptibility in DBA/1 mice [7, 21]. However,
the contribution of the other neurotransmission systems to S-IRA is unknown. Our current
study, for the first time, demonstrated that atomoxetine, an NRI, specifically suppresses S-
IRA without affecting audiogenic seizure behaviors. Given that systemic administration of
atomoxetine enhances norepinephrine levels throughout the brain [22], our finding suggests
that the noradrenergic neurotransmission plays an important role in the pathophysiology of
S-IRA. It should be noted that, although atomoxetine is highly selective to norepinephrine
transporters, it also binds to dopamine and serotonin transporters with low affinity [23, 24].
However, microdialysis studies show that atomoxetine does not elevate serotonin levels in
the brain [23, 25], and atomoxetine does not enhance dopamine availability in dopamine-

Epilepsy Behav. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 5

rich regions such as the nucleus accumbens and striatum, although it increases that in the
prefrontal cortex [24]. Future studies are required to examine if the limited enhancement of
dopamine in the prefrontal cortex contributes to S-IRA.

The mechanisms underlying atomoxetine suppression of S-IRA are unknown. Like
serotonergic neurotransmission, noradrenergic neurotransmission in the brain modulates
respiration [13] and arousal [14]. Thus, stimulation of medullary noradrenergic neurons
alters arousal state and respiratory frequency [26]. It is possible that atomoxetine suppresses
S-IRA in DBA/1 mice by enhancing respiration and/or arousal. Further studies are needed to
explore these possibilities. Interestingly, noradrenergic neurotransmission interacts with
serotonergic neurotransmission in certain brain areas [27, 28]. For example, stimulation of
the 5-HT3 receptor, a serotonin receptor that is involved in S-IRA in DBA/1 mice [29],
elevates norepinephrine level in the locus coeruleus [14]. Better understanding the
interaction of noradrenergic and serotonergic neurotransmission in S-IRA will shed
significant light on the mechanisms of SUDEP.

Atomoxetine is a medication widely used to treat ADHD around the world [30]. Our study
suggests that NRIs such as atomoxetine merit further translational investigation as potential
medications to prevent SUDEP. The DBA/1 mouse has been demonstrated to be an animal
model relevant to SUDEP, as the pathophysiology and putative therapeutics in this model are
generalizable to other animal models and humans [5, 6, 31]. However, like other animal
models of provoked seizures, no consistent spontaneous seizures are reported in DBA/1
mice, which always occur in epileptic patients. It is important to confirm our results in other
animal models with spontaneous seizures and in clinical trials prior to use in patients.

Co-morbidity of ADHD and epilepsy is not uncommon in pediatric patients [17]. It is not
known if ADHD is associated with SUDEP or not. However, the effectiveness of
atomoxetine in controlling both ADHD and S-IRA suggests that ADHD and SUDEP may
share similar pathophysiology to some extent. Elucidating the pathophysiological
mechanisms of atomoxetine in suppressing S-IRA may help to better understand the
mechanism and treatment of ADHD.

Taken together, our data demonstrate that enhancing noradrenergic neurotransmission by the
NRI atomoxetine suppresses S-IRA evoked by different models of seizures in DBA/1 mice.
This finding suggests that the noradrenergic neurotransmission is importantly involved in S-
IRA, and that atomoxetine, as well as other NRIs, can be potentially used to prevent SUDEP
in patents with epilepsy.
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Figure 1. Atomoxetine reduces S-1RA evoked by acoustic stimulation in DBA/1 mice
Compared with that of the control group treated with vehicle (saline), the incidence of S-

IRA evoked by acoustic stimulation was significantly lower in groups treated with
atomoxetine at 10-40 mg/kg in primed DBA/1 mice. The incidence of S-IRA in groups
treated with lower dosages of atomoxetine (1 and 5 mg/kg) and the highest dosage tested (50
mg/kg) was not significantly different from that in vehicle control group. Atomoxetine was
administered IP 2 hr prior to induction of audiogenic seizures.

*p < 0.05; ** p < 0.01: Significantly different from the vehicle control group.
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Figure 2. The effect of atomoxetine on the duration of tonic audiogenic seizures in DBA/1 mice
Compared with that of the vehicle control group, the duration of tonic audiogenic seizures

was not significantly altered by atomoxetine at 10-40 mg/kg in primed DBA/1 mice,
although S-IRA was suppressed by atomoxetine in these animals. Atomoxetine was
administered IP 2 hr prior to induction of audiogenic seizures.
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Figure 3. Atomoxetine suppresses S-IRA evoked by PTZ in DBA/1 mice
The incidence of S-IRA evoked by PTZ was significantly lower in groups treated with

atomoxetine at 10 mg/kg and 15 mg/kg as compared with that of the control group treated
with vehicle in nonprimed DBA/1 mice. Atomoxetine was administered IP 2 hr prior to
injection of PTZ (75 mg/kg).

* p < 0.05: Significantly different from the vehicle control group.
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