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Abstract

Sudden unexplained death in epilepsy (SUDEP) is the cause of premature death of up to 17% of
all patients with epilepsy and as many as 50% with chronic refractory epilepsy. However, SUDEP
is not widely recognized to exist. The etiology of SUDEP remains unclear, but growing evidence
points to peri-ictal respiratory, cardiac, or autonomic nervous system dysfunction. How seizures
affect these systems remains uncertain. Here we focus on respiratory mechanisms believed to
underlie SUDEP. We highlight clinical evidence that indicates peri-ictal hypoxemia occurs in a
large percentage of patients due to central apnea, and identify the proposed anatomical regions of
the brain governing these responses. In addition, we discuss animal models used to study peri-ictal
respiratory depression. We highlight the role 5-HT neurons play in respiratory control,
chemoreception, and arousal. Finally, we discuss the evidence that 5-HT deficits contribute to
SUDEP and sudden infant death syndrome and the striking similarities between the two.
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1. Introduction

Estimates suggest that up to 6 people die each day in the U.S. of SUDEP, a devastating
condition afflicting patients with epilepsy (Shorvon and Tomson, 2011; Thurman, 2011). In
most cases, individuals are healthy (excluding the diagnosis of epilepsy), but are
unexpectedly found dead, often in the prone position in bed with evidence of a recent
seizure. For such a major public health concern, it is surprising that SUDEP remains largely
unknown to the general public and, more alarmingly, to many clinicians. According to a
recent report, only 56% of Canadian pediatricians who care for epilepsy patients knew that
children with epilepsy were at an increased risk of sudden death, and only 33% knew of the
term SUDEP (Donner et al., 2012), indicating a critical need for increased education.

SUDEP is defined as “the sudden, unexpected, witnessed or unwitnessed, non-traumatic,
and non-drowning death of patients with epilepsy with or without evidence of a seizure,
excluding documented status epilepticus, and in which postmortem examination does not
reveal a structural or toxicological cause of death” (Nashef, 1997). There are three
classifications of SUDEP: first is definite SUDEP, which adheres to the aforementioned
definition; second is probable SUDEP where there is no post-mortem examination but the
other criteria for SUDEP are met; and finally possible SUDEP in which there are competing
causes of death but SUDEP cannot be ruled out.

It is becoming apparent that SUDEP is much more common than previously recognized, but
it has been difficult to obtain precise estimates of its incidence. There are many
epidemiological studies on SUDEP, but these were done among different populations of
patients with different types and severity of seizures making them difficult to compare. The
reported rates cover a wide range from 0.09 per 1000 person years among unselected
incident cases of epilepsy to 9.3 per 1000 person years among epilepsy surgery candidates
(Shorvon and Tomson, 2011). The life time risk of SUDEP ranges from 10-17% in all
epilepsy patients to 10-50% in chronic refractory epilepsy patients (Ficker, 2000; Shorvon
and Tomson, 2011).

One recent estimate suggests that the annual incidence of SUDEP in refractory epilepsy
patients (which make up one-third of all epilepsy patients) is 1/1000 which translates into
about 2000-3000 deaths per year in the U.S. (Thurman, 2011). When this incidence is
compared to other major neurological disorders (Alzheimer’s disease and stroke each occur
at a rate of about 70,000-80,000 deaths per year in the U.S.), SUDEP is relatively
uncommon. However, the peak incidence of death for SUDEP is 30 years, so when
quantified as years of potential life lost, SUDEP accounts for 73,000 years lost, second only
to stroke among neurological disease (Thurman, 2011). From a public health perspective
SUDEP is a major problem, yet this has only recently resulted in increased research into the
mechanisms of SUDEP. For example, there were only 4 publications in 1993 (Fig. 1) that
appeared in a Pubmed search using the term SUDEP. In 2012 there were >50 publications
that used SUDEP, showing a significant increase in interest in studying this syndrome (Fig.
1).
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Although research on SUDEP has recently begun to expand, many fundamental questions
remain unanswered. What are the risk factors for SUDEP? What are the pathophysiological
mechanisms underlying SUDEP? How do we effectively study SUDEP in epilepsy patients,
and how representative of the human condition are animal models of SUDEP that are
utilized for research? How can respiratory physiologists contribute to this field? Are there
ways to prevent SUDEP or definitively diagnose it when it does occur? Moreover, there is a
crucial need to better standardize research methods from bench to bedside so that definitive
conclusions can be made about SUDEP. With increased research and awareness of SUDEP,
it is likely that many cases can be prevented.

There have been many risk factors proposed for SUDEP, including: poor compliance with
antiepileptic medications, young age at onset of seizures, chronic refractory epilepsy, male
sex, and sleeping in the prone position (Shorvon and Tomson, 2011; Thurman, 2011). The
most consistent risk factor for SUDEP is the frequency of generalized tonic clonic seizures
(GTCS) (Hesdorffer et al., 2011). However, patients who do not experience any GTCS
remain at considerably higher risk than the general population. Many of these risk factors
are inconsistently reported throughout the literature, highlighting a need to better understand
the underlying mechanisms of SUDEP. It is beyond the scope of this review to fully
describe all potential mechanisms of SUDEP. Therefore, we will briefly describe cardiac
and postictal generalized electroencephalogram (EEG) suppression (PGES), then
concentrate on the potential respiratory mechanisms underlying SUDEP for this special
issue of Respiratory Physiology and Neurobiology. Furthermore, we highlight the need for a
codified methodology for studying SUDEP, in order to appropriately understand this
condition.

2. Potential pathophysiological mechanisms in SUDEP

It is important to remember that there are only two ways to die, either you stop breathing or
your heart stops. If one occurs then the other is soon to follow. There are many different
ictal events that could potentially lead to one of these two outcomes in SUDEP. For
example, there is good evidence that seizures can sometimes induce arrhythmias or peri-ictal
respiratory depression. Research to date indicates all SUDEP is not caused by a single
mechanism, but that different mechanisms can occur in different people. These mechanisms
can then cause death by inducing cardiac or respiratory dysfunction or both.

3.1 Cardiac dysfunction in SUDEP

Peri-ictal cardiac dysfunction is thought to play a role in a subset of SUDEP cases
(Brotherstone et al., 2010; Neufeld et al., 2009; Surges et al., 2010a; Surges et al., 2010b;
Surges et al., 2010c; Surges and Walker, 2010). Tachycardia is the most common ictal
autonomic event. In one study of 76 patients tachycardia occurred in 57% of seizures and in
76% of patients at least once, and was significantly correlated with seizure generalization
(Rowe, 1987). Seizures can also induce peri-ictal bradycardia or asystole (Lee, 1998; So et
al., 2000). Although case studies report a frequent occurrence of post-ictal bradycardia with
asystole, in one study patients monitored in an EMU displayed bradycardia in only 2% of
seizures (Moseley et al., 2010; Rowe, 1987). Asystole was even more rare, with a rate less
than 0.5% (Moseley et al., 2010; Rowe, 1987). In a study of 56 patients with 250 recorded
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seizures, there was only one episode of ictal bradycardia with asystole. That event was
associated with oxygen desaturation below 50% (Bateman et al., 2008), which can be
assumed to be due to hypoventilation. Since respiratory monitoring was not done it is not
known if the respiratory dysfunction, such as central apnea, was the primary event and
asystole was then secondary to the resulting hypoxemia, but that is the most likely scenario.
Although some reports give the perception that primary cardiac dysfunction causes a large
percentage of SUDEP deaths, the studies described above and others suggest that severe
cardiac dysfunction as a primary event actually occurs at a much lower rate (Moseley et al.,
2010; Rowe, 1987).

An area of considerable emphasis in SUDEP research is long QT syndrome (LQTS) and the
genes underlying that disorder. Mutations in more than 10 different genes cause LQTS
(Goldenberg and Moss, 2008). These mutations affect ion channels expressed throughout the
body and typically cause a long QT interval in the electrocardiogram (EKG) (Goldenberg
and Moss, 2008). This prolonged QT interval can lead to cardiac arrhythmias and sudden
death in patients without epilepsy (Goldenberg and Moss, 2008). However, some patients
with epilepsy carry these LQTS gene mutations (e.g. KCNHZ2) and some of those patients
have a higher rate of SUDEP (Le Gal et al., 2010). Thus, LQTS gene mutations increase the
risk of SUDEP (Goldman et al., 2009). However, every patient with a mutation in one of
these genes who dies did not necessarily have a fatal cardiac arrhythmia. Many of the LQTS
genes are expressed in both the heart and brain (Cheah et al., 2012; Goldman et al., 2009;
Holth et al., 2013), and a mutation in one of them could potentially affect breathing or other
vital brain functions. For example, KCNQ1 is expressed in brain stem nuclei that are
important for autonomic control of heart rate (Goldman et al., 2009). It is not known how
many of these genes are expressed in respiratory nuclei; however, mouse models of LQTS
have high rates of spontaneous sudden death (Cheah et al., 2012; Holth et al., 2013). Dravet
syndrome is another area of interest in SUDEP research. Patients with SCN1A mutations
have cardiac abnormalities and seizures in addition to an increased incidence of sudden
death (Genton et al., 2011).

Overall, there is strong evidence highlighting the role of cardiac dysfunction in SUDEP.
However, it is important to note that patients who display cardiac abnormalities are
significantly more likely to have hypoxemia during seizures (Rowe, 1987; Seyal et al.,
2011). It is also important to note that breathing was not recorded during many of the case
reports and other studies. Therefore, it is possible that in some cases, respiratory dysfunction
could be the primary event that causes secondary effects on the heart that then lead to
sudden death. Moreover, patients with LQTS mutations may have subtle respiratory
dysfunction made worse during seizures. Alternatively, other patients may have mutations
that make them more susceptible to cardiac abnormalities when hypoxia occurs. Peri-ictal
cardiac abnormalities need more thorough investigation in order to determine their role in
SUDEP.

3.2 Postictal generalized EEG suppression and SUDEP risk

PGES is marked post-ictal flattening of the EEG. It was originally proposed as an
“identifiable EEG marker of profound postictal cerebral dysfunction”, and it is hypothesized
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that PGES could contribute to SUDEP through inhibition of brainstem dysfunction including
the cardiorespiratory centers (Lhatoo et al., 2010). A recent study examined 10 cases of
SUDEP and found that PGES length is directly correlated with the incidence of SUDEP
(Lhatoo et al., 2010). However, a second study found no correlation between PGES duration
and SUDEP risk (Surges et al., 2011). Although PGES was recently linked to seizure-
associated respiratory function, there was no correlation with post-ictal apnea (Seyal et al.,
2012). Furthermore, PGES is not associated with peri-ictal cardiac autonomic instability
measured by heart rate in people with convulsive seizures (Lamberts et al., 2012). Thus,
there is conflicting evidence on the importance of PGES, and although it is a common
occurrence after generalized tonic clonic seizures, it is not believed to cause SUDEP. Instead
it may be an EEG marker of some other brain process that underlies depression of
cardiorespiratory output. For example, it may signify that there is severe depression of
monoamine release by the ascending arousal system, and this could then lead to both
postictal coma and peri-ictal cardiorespiratory depression.

3.3 Respiratory control in SUDEP

Respiratory abnormalities in epilepsy patients were first reported in 1899, when Hughlings
Jackson noted his human patients and monkeys “turning blue” during seizures (Jackson,
1899). Many reports have confirmed what Jackson observed in 1899 (James et al., 1991,
Watanabe et al., 1982). For example, Nashef (Nashef et al., 1996) used long term EEG
monitoring and respiratory recordings to show that 10 of 17 patients (59%) had apnea
concurrent with their seizures. A separate study showed that 10% of generalized seizures
caused oxygen desaturation, whereas an even greater 60% of partial seizures caused oxygen
desaturation (Blum et al., 2000). Oxygen desaturation during partial seizures can be very
severe (Fig. 2) (Bateman et al., 2008). A large study investigated 304 seizures in 56 patients
with intractable localization-related epilepsy and reported that oxygen saturation drops
below 90% in 33.2% of seizures, below 80% in 10.2% of seizures, and below 70% in 3.6%
of seizures (Bateman et al., 2008). This study found apnea is as common during partial
seizures as during seizures that secondarily generalized; with 34% of partial seizures
showing oxygen desaturation below 90%. Furthermore, they showed that seizure duration is
highly correlated with oxygen saturation (Bateman et al., 2008). Studies performed in the
University of lowa EMU confirmed that peri-ictal hypopnea can be severe during partial
seizures (Fig. 3). These clinical studies indicate that peri-ictal respiratory dysfunction is
common in individuals with epilepsy; much more common than previously realized among
neurologists, including those specializing in epilepsy.

There are a few reported cases of SUDEP or near SUDEP in hospital EMUs (Bateman et al.,
2010b; Bird, 1997; Dasheiff Rm, 1986; Lee HW, 1999; McLean and Wimalaratna, 2007),
which have provided us the most relevant information available about the mechanisms of
death. However, even in these rare cases, although it has been common to make firm
conclusions about the causes of death (Tomson et al., 2008), the actual cause of death is not
completely clear in many cases, because breathing was assessed solely by visual inspection,
a method that is notoriously inaccurate for measurement of ventilation. For example, there
can be extreme hypoventilation in the presence of chest wall movements due to paradoxical
breathing, airway obstruction, shallow breathing, etc., and these can lead to blood gas
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abnormalities as severe as those seen with frank apnea. Given the small number of cases of
SUDEP in which there were direct measurements of the terminal events including breathing,
the mechanisms remain poorly understood. There is a crucial need to understand if peri-ictal
cardiac and respiratory dysfunction are usually separate entities, or if they often act together
to cause sudden death.

3. From temporal lobe to the respiratory network: pathway to SUDEP

Intracranial stimulation in humans and other species has defined the role certain brain
regions play in ventilatory control. In the late 19™ century Spencer showed that stimulation
of regions near the uncus in different species induces apnea (Spencer, 1894). By the middle
of the 20™ century, Chapman (Chapman, 1949) showed that stimulation of the orbital
surface of the frontal cortex can result in respiratory depression. Stimulating different
regions in the temporal lobe of primates also leads to respiratory depression (Kaada and
Jasper, 1952). In addition, mechanical and electrical stimulation of the anterior portion of
the hippocampal gyrus produces respiratory depression (Kaada and Jasper, 1952);
remarkably, mechanical stimulation of the hippocampus leads to cessation of breathing in
humans that lasts up to 56 seconds (Kaada and Jasper, 1952). Stimulation of specific nuclei
in the amygdala can also lead to diverse alterations in respiration (Bonvalle and Bobo,
1972). Stimulation of the central nucleus of the amygdala induces apnea with a slow return
to eupnea in cats (Bonvalle and Bobo, 1972). Conversely, stimulation of the basal and lateral
nucleus of the amygdala in cats increases respiratory output (Bonvalle and Bobo, 1972).
These data demonstrate that there are regions in the forebrain that modulate central control
of breathing. Apnea and hypoventilation, with accompanying oxygen desaturation, is most
commonly induced by partial seizures that originate in the temporal lobe (Blum, 2009).
Oxygen desaturation is also common when the seizure focus is in the temporal lobe, but not
when seizures originate outside of the temporal lobe (Seyal and Bateman, 2009).

These data indicate that anatomical pathways connecting the temporal lobe to brainstem
respiratory centers are capable of causing respiratory arrest. Activation of these pathways by
a seizure could be a mechanism to induce apnea severe enough to cause SUDEP. Projections
from temporal lobe structures connect to the respiratory centers, as well as to the
periaqueductal grey which modulates breathing (Hopkins and Holstege, 1978; Subramanian
et al., 2008). Direct projections from the central nucleus of the amygdala extend to the
nucleus of the solitary tract (NTS) and dorsal motor nucleus of the vagus, and are thought to
cause cardiorespiratory changes (Schwaber et al., 1980; Schwaber et al., 1982; Veening et
al., 1984). Moreover, neurons in the central nucleus fire in phase with the respiratory rhythm
in cats (Harper et al., 1984). These data suggest that abnormal firing of neurons in the
amygdala could play a role during peri-ictal respiratory depression.

4. Animal models of peri-ictal respiratory depression

Animal models that recapitulate human SUDEP phenotypes are vital in order to understand
the underlying mechanisms. Utilizing current animal models of SUDEP and discovering
new animal models will begin to shed light onto the molecular and anatomical pathways
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involved. In this section, we will discuss current and potential animal models of SUDEP,
specifically highlighting mouse models.

DBA/2 mice are a well-established mouse model of audiogenic seizures. When exposed to a
120db tone, DBA/2 mice have a seizure with tonic extension followed by respiratory arrest
(Venit et al., 2004). These animals can be resuscitated after seizures using a ventilator, and
once resuscitated, eupnea resumes (Purpura, 1972) indicating death is likely due to
respiratory failure. DBA/2 mice are genetically predisposed to respiratory failure following
seizure activity, and are currently one the most widely accepted mouse models of SUDEP.
Moreover, their genetic predisposition to post-ictal respiratory depression indicates that
there are possible genetic predictors of SUDEP.

In a commonly cited study, induction of status epilepticus in sheep leads to a death rate of
about 38% (Johnston et al., 1997). These sheep do not die from cardiac dysfunction, but
display severe ictal and post-ictal central apnea leading to a significant drop in PO, and an
increase in PCO,, followed by death (Johnston et al., 1997). This model shows severe post-
ictal apnea and death, and is commonly invoked as a model of SUDEP. However, this is
misleading because it does not meet the definition of SUDEP since the sheep were in status
epilepiticus.

LQTS genes were briefly discussed above as being important in heart function. However, it
is known that these genes are also expressed in the brain, and it is possible they play a role
in control of breathing. Recently, KCNQ channels were reported to play a central role in the
detection of CO, in the NTS (Hawryluk et al., 2012). Many other LQTS genes that cause
cardiac dysfunction are also expressed at high levels in the brain and are present in
respiratory nuclei. For example, KCNQ 1, 2, and 3 are expressed in the NTS (Goldman et
al., 2009; Tolstykh GP, 2010; Tolstykh GP, 2008). Alhough cardiac mechanisms have been
proposed to underlie SUDEP in a genetic mouse model with KCNQ1 mutations (Goldman et
al., 2009), simultaneous plethysmography recordings were not recorded with these cardiac
events. Therefore, it is not possible to rule out respiratory dysfunction as being the primary
mechanism of sudden death in these mice. Dravet syndrome mice, with mutations in the
gene for the Na*-channel SCN1A, also have a high risk of sudden death (Cheah et al.,
2012). The mechanism of death in these mice is not an arrhythmia. Marked bradycardia was
observed and was attributed to massive parasympathetic output (Kalume et al., 2013).
However, recordings of respiratory output were not made so it is not known whether
hypoventilation could have contributed to the cause of death. These data suggest that LQTS
genes could play a role in respiration, and mutations in these genes as well as SCN1A could
lead to breathing dysfunction. It is vital to understand their function in respiratory nuclei.

Maximal electroshock (MES) has been used to study seizures for more than 70 years
(Toman et al., 1946). Like DBA/2 mice after induction of AGS, MES induces seizures in
other mouse strains (e.g. C57BL/6) with tonic extension and occasionally death. However,
the mechanisms of death in MES have yet to be characterized. It is possible that this model
does not recapitulate SUDEP since these mice are not epileptic. However, if the mechanisms
of death can be defined, MES could be a tool used to study SUDEP.
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Some mouse models of Alzheimer’s disease have epilepsy and also show a high rate of
sudden death (Roberson et al., 2011). Recent reports indicate an increased comorbidity of
epilepsy and Alzheimer’s. Given the high rate of death, it is imperative to understand sudden
death in Alzheimer’s mouse models (Noebels, 2011). Another intriguing mouse model of
respiratory arrest after seizures is the 5-HT ¢ receptor null mouse. Like DBA/2 mice, 5-
HTyc receptor null mice have AGS with post-ictal respiratory arrest and death (Brennan et
al., 1997). DBA/2 and 5-HT,¢ mice provide two separate pieces of evidence that 5-HT
neurons can alter the risk of SUDEP.

5. The link between 5-HT and SUDEP

All 5-HT in the brain comes from a select group of neurons primarily found in the midbrain
and medullary raphé nuclei. Although the number of neurons is small, they project to
virtually every part of the CNS. 5-HT alters a myriad of brain functions, including: arousal,
thermoregulation, circadian rhythms, anxiety, pain, aggression, central chemoreception, and
respiratory control. One of the most vital functions of the 5-HT system is the control of
breathing. Over the past decade, it was thought that 5-HT played a modulatory role in
breathing (Hodges and Richerson, 2008; Lalley, 1986). However, 5-HT neurons have now
been shown to indisputably stimulate respiratory output (Depuy et al., 2011; Ptak et al.,
2009). They are also part of the ascending arousal system (previously referred to as the
reticular activating system). Given that the 5-HT system stimulates respiration and arousal, a
defect in this system could contribute to the mechanisms of sudden death after seizures, in
which there is depression of consciousness and breathing.

There are excitatory inputs from 5-HT neurons to the respiratory nuclei of the brainstem,
and 5-HT > receptor activation is needed in brain slices containing the pre-BOtzinger
complex (PBC) to produce respiratory output (Pena and Ramirez, 2002; Ptak et al., 2009).
Furthermore, 5-HT is required to induce bursting pacemaker activity in a subset of neurons
in the PBC (Ptak et al., 2009). A subset of 5-HT neurons produce thyrotropin-releasing
hormone (TRH), which is critical for bursting pacemaker activity in the NTS and is a strong
stimulus for breathing (Dekin et al., 1985; Hedner et al., 1983). Nonselective agents, such as
muscimol and ibotenic acid, injected into the raphé nuclei disrupt 5-HT neurons and depress
respiratory output (Hodges et al., 2004b; Messier et al., 2002). Lmx1b"7P mice, in which
virtually all 5-HT neurons are deleted due to genetic manipulation of a transcription factor,
Lmx1b, critical for development of 5-HT neurons, have apneic breathing and high mortality
as neonates (Hodges et al., 2009a) and a severely blunted hypercapnic ventilatory response
(HCVR) as adults (Hodges et al., 2008). Furthermore, acute 5-HT neuron inhibition using
DREADD receptors results in a ~50% reduction in 5-HT neuron firing rate, and a similar
reduction in the HCVR (Fig. 4) (Ray et al., 2011). Conversely, administration of the 5-
HToa/1c agonist 1-[2,3-dimethoxy-4-iodophenyl]-2-aminopropane (DOI) increases
respiratory output in Lmx1b”7P mice and reduces neonatal mortality (Hodges et al., 2009b).

Medullary 5-HT neurons have many properties consistent with central respiratory
chemoreceptors. These neurons are located close to the basilar artery and its associated
branches (Fig. 5) (Bradley et al., 2002), which allows for accurate monitoring of blood
PCO.. In fact, 5-HT neurons throughout the brainstem are found near large arteries,
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including in the midbrain. Interestingly, the dorsal raphe is located in the only part of the
brain that receives arterial supply from branches of the carotid arteries and also the
vertebrobasilar system. 5-HT neurons are chemosensitive to small changes in pH in the
physiological range (7.4 to 7.2) (Corcoran et al., 2009; Richerson, 1995; Wang et al., 1998;
Wang et al., 2001) and focal acidosis in the raphé nuclei increases ventilation in vivo
(Bernard et al., 1996; Feldman et al., 2003; Hodges et al., 2004a). Moreover, extracellular
recordings from the medullary and midbrain raphé nuclei in awake and behaving cats show
a subset of 5-HT neurons increase their firing in response to increased inhaled CO, (Veasey
etal., 1995, 1997). Increased firing of 5-HT neurons stimulates respiratory output (Depuy et
al., 2011; Ptak et al., 2009). These and other data provide evidence for an important role for
5-HT neurons in respiratory chemoreception (Richerson, 2004).

The rostral domain of 5-HT neurons is located in the midbrain. These neurons are also
chemosensitive to CO, (Severson et al., 2003). They are believed to also be central
chemoreceptors, but rather than stimulating breathing, they are thought to induce arousal in
response to increased arterial PCO, during sleep. Lmx1b"P mice (with 5-HT neurons
deleted) have suppression of a hypercapnic arousal response, and in fact some mice sleep
through the entire hypercapnic challenge, whereas this never occurs with WT mice (Fig. 6)
(Buchanan and Richerson, 2010). This defect in arousal could be a critical factor in SUDEP.
One possible SUDEP scenario is that a patient has a defect in arousal coupled with a blunted
HCVR. After he has a seizure and is post-ictal, he would be unresponsive when a blanket or
pillow obstructs the airway. He would fail to wake up to relieve the obstruction and
ventilation would also not increase. The result would be hypercapnia, hypoxemia and death.
Most SUDEP patients are found prone in bed (Kloster and Engelskjon, 1999), which is
consistent with this critical pathophysiological mechanism in SUDEP cases.

Although there is no direct post-mortem evidence of an abnormality in the 5-HT system in
cases of SUDEP, there is a growing body of data suggesting a deficit in 5-HT signaling
during and after a seizure is involved in post-ictal respiratory depression. It was first found
that mice lacking the 5-HT ¢ receptor have AGS followed by respiratory depression and
death (Brennan et al., 1997). Administration of a 5-HT selective reuptake inhibitor (SSRI) in
DBA/2 mice significantly reverses respiratory depression and reduces mortality following
AGS (Tupal and Faingold, 2006). Moreover, administration of a 5-HT, receptor antagonist,
cyproheptadine, to a subset of DBA/2 mice, which do not have post-ictal respiratory
depression, significantly increases the rate of respiratory depression and death (Tupal and
Faingold, 2006). Furthermore, DBA/2 mice also have abnormal expression of 5-HT
receptors in the brainstem (Uteshev et al., 2010). Finally, epileptic patients taking SSRIs
have a lower incidence of seizure-induced apnea during partial seizures compared to patients
not on an SSRI (Bateman et al., 2010a). These data suggest that 5-HT signaling could be
abnormal in a subset of SUDEP patients, and this abnormality could contribute to
respiratory depression and death.

6. Are some cases of SIDS really SUDEP?

Sudden infant death syndrome (SIDS) is defined as the death of an infant less than one year
of age which is usually associated with sleep and remains unexplained after autopsy, death
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scene investigation, and a complete review of the clinical history (Krous et al., 2004). Like
SUDEP, SIDS is a diagnosis of exclusion, and about six individuals die in the U.S. daily
from each disorder. There are many similarities between the SIDS and SUDEP disorders
(Table 1) and deficits in the 5-HT system have been implicated in both. Another possibly
related syndrome to SIDS and SUDEP is sudden unexpected death in childhood (SUDC).
This syndrome is substantially less common than SIDS and SUDEP, however there may be
similar mechanisms leading to death. SUDC could be SIDS in toddlers or be SUDEP in
younger children. Although it is intriguing to speculate about SUDC, the relative lack of
comprehensive studies investigating SUDC make it difficult to discuss potential
mechanisms.

Studies in humans have highlighted a role for the 5-HT system in SIDS pathology. For
example, there are 5-HT system abnormalities in post-mortem brains of infants who died
from SIDS (Duncan et al., 2010; Kinney et al., 2003; Paterson et al., 2006). 5-HT levels
were found to be 26% lower in SIDS cases relative to age-adjusted controls in the medulla
(Duncan et al., 2010). In animals, mice lacking the critical 5-HT transcription factor Pet-1
have deficits recovering from short anoxia episodes during post-natal development
(Cummings et al., 2011). Moreover, Lmx1b”7P mice completely lacking 5-HT neurons have
severe episodes of apnea during early post-natal development (Hodges et al., 2009a).
Although there is a growing body of evidence suggesting there is an abnormality in the 5-
HT system in both SIDS and SUDEP, the mechanisms of 5-HT pathology in each disorder
remains unclear. In SIDS, developmental delay of the 5-HT system appears to lead to death,
whereas in SUDEP, it is acute dysfunction of this system induced by a seizure that may lead
to death. However, one similarity between the pathologies is that they both appear to occur
during a depressed state of 5-HT neuronal activity: sleep in SIDS, and the post-ictal period
in SUDEP. Often, SUDEP and SIDS patients are found prone in bed suggesting that failure
to be aroused by hypercapnia, along with impaired breathing, could be a critical mechanism
in each disease. Interestingly, infantile seizures often lead to apnea. For example, a study of
infants with acute life threatening events showed that six infants displayed decreased oxygen
saturation following an EEG abnormality. Some of these desaturations lasted up to 40
seconds and were severe (Hewertson et al., 1994). Singh (Singh et al., 1993) described two
infants with partial seizures and concurrent apnea. The commonalities between the two
disorders suggest that in some cases, SIDS might be SUDEP in an infant.

6. Perspectives on SUDEP

Although cardiorespiratory abnormalities have been observed in epileptic patients as early as
the turn of the 20™ century, there has been little research into these abnormalities until
recently. Only lately has the field realized that SUDEP is common. SUDEP research is now
growing at a rapid pace; however, there remains a gap in our knowledge regarding many of
its features. This lack of knowledge and the difficulty in definitively making its diagnosis
make SUDEP very difficult to study.

Currently, EMUs do not regularly record respiratory activity. Given the abundance of
evidence suggesting respiratory depression is a critical mechanism of SUDEP, EMU
respiratory monitoring will be increasingly important in the future. It is advisable for all
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EMUSs to begin to install this equipment to prevent deaths in the EMU as well as to identify
patients that might be at the highest risk for SUDEP. In addition to respiratory recordings, it
is important to have simultaneous recordings of heart rate and other physiological responses.
A codified methodology for studying SUDEP in the EMU will assist in fully characterizing
the mechanisms of sudden death. It will also be critical to establish a uniform definition of
apnea. Since respiratory recording equipment is highly sensitive, movement artifact and
other abnormalities during a seizure make it difficult to accurately define periods of apnea.
Once standardized methods are established, the study of SUDEP and near-SUDEP cases will
provide a greater understanding of the events contributing to sudden death. Importantly,
hospital lawyers must not prevent doctors from reporting cases of SUDEP that occur in
EMUSs, which apparently does occur and prevents recognition of a problem that may not be
as rare as one would like to believe.

Another important area in SUDEP research is development of animal models that
recapitulate human phenotypes. Once again, the methodology and recorded parameters in
these models need to be systemized. Currently, there is a lack of concurrent
cardiorespiratory and EEG recordings in mouse models, making the development of a small
animal EMU critically important. These setups will provide greater insight into the
mechanisms of sudden death in animals and will allow greater and more direct translational
impact.

Finally, a remaining obstacle is the identification of genetic risk factors associated with
SUDEP. Large scale genetic studies of patients who have peri-ictal respiratory depression
and those that have near-SUDEP while in the EMU will provide insight into molecular
pathways that could be targeted by future treatments. Moreover, these studies may lead to
identification of genetic markers for epileptic patients who are at high risk for SUDEP,
which could lead to interventions that reduce the risk outside of the hospital.
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Figure 1. SUDEP research is growing at a rapid pace
In 1993 there were few publications that appeared in a PUBMED search using the term

SUDEP. However, in 2012 there was greater than 50 publications with SUDEP in the title.
This graph highlights the increased attention SUDEP research has recently received.
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Figure 2. PO, levels can drop dramatically during partial seizures
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Oxygen saturation drops below 40% in a 19-year-old male patient. The patient was awake
and sitting in bed during the hypoxic event. Seizure duration is marked by bottom arrows.
Heart rate is marked by the upper arrows and beats per minute are given. Modified with

permission from Bateman et al. (2008). Bateman L M et al. Brain 2008;131:3239-324
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Figure 3. Hypopnea during a complex partial seizure
This 60 second trace showing respiratory depression related to complex partial seizures in a

67 year old woman with epilepsy. Three of her habitual episodes—consisting of behavioral
arrest with mouth movements—uwere recorded on video-EEG monitoring. All three events
were associated with significant respiratory depression characterized by hypopneas and
oxygen desaturation as low as 40%. NPT = nasal pressure transducer; Therm = oral/nasal
thermisty; Chest = chest movement by respiratory inductance plethysmography; Abd =
abdominal movement by respiratory inductance plethymography; EKG = electrocardiogram.
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Figure 4. Acute silencing of 5-HT neurons leads to decreased 5-HT neuron chemosensitivity in
vitro and an impaired HCVR in vivo

a) Recordings of cultured medullary serotonergic neurons from RC::PDi; RC::rePe; Slc6a4-
cre mice show that CNO leads to ~50% suppression of action potential firing or abolishment
(not shown) in 5-HT neurons. b) Peak firing rates (normalized to baseline) in aCSF were
suppressed with CNO application in RC::PDi; RC::rePe; Slc6a4-cre neurons. ¢) Mice had a
normal increase in ventilation in response to 5% CO5 prior to CNO administration; however,
after an IP injection of CNO, these same mice had a blunted HCVR. Modified with
permission for Ray et al. 2011. From Ray RS, Corcoran AE, Brust RD, Kim JC, Richerson
GB, Nattie E, et al. Impaired respiratory and body temperature control upon acute
serotonergic neuron inhibition. Science. 2011;333(6042):637-42. Reprinted with permission
from AAAS. Modified with permission from the author.
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Figure 5. Serotonergic neurons throughout the brainstem are located next to large arteries
Ilustration of 5-HT neuron distribution in the medulla. (a) Surface anatomy: 5-HT neurons

are adjacent to the basilar artery in the medulla. (b) Midline cutaway: 5-HT neurons
surround and are closely associated with penetrating branches off of the basilar artery
putting them in perfect position to detect changes in blood PH.
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Figure 6. Mice lacking 5-HT neurons do not display CO»-induced arousal
EEG (Top), EMG (Middle), and PCO2 (Bottom) traces from WT and Lmx1°7#P(no 5-HT

neurons) mice showing response to 7% CO, over a 4 minute period. Whereas wild-type
mice display normal arousal to CO2 (as indicated by decreased EEG frequency and
increased EMG frequency) Lmx1°7#P show no response. (Horizontal scale bar, 30 s; vertical
scale bar, 5 uV.) Figure reproduced with permission from the National Academy of
Sciences.
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Similarities between SUDEP and SIDS

SUDEP SIDS
Overall health Normal other than Apparently normal
seizures
Routine autopsy Normal Normal

Cause of death

Cardiorespiratory
and arousal defects

Cardiorespiratory
and arousal defects

Position at death

Frequently prone in
bed

Frequently prone in
bed

Involvement of
5-HT system

Probable

Yes

Cause of 5-HT
dysfunction

Acute peri-ictal
inhibition

Developmental
delay

Incidence

~6 deaths/day in
us.

~6 deaths/day in
us.
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