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ARTICLE INFO ABSTRACT

Keywords: Sudden unexpected death in epilepsy (SUDEP) is the leading cause of epilepsy-related mortality, but the relative
Epilepsy importance of underlying cardiac and respiratory mechanisms remains unclear. To illuminate the interactions
Sudden unexpected death in epilepsy (SUDEP) between seizures, respiration, cardiac function, and sleep that contribute to SUDEP risk, here we developed a
A.pnea mouse epilepsy monitoring unit (EMU) to simultaneously record video, electroencephalography (EEG), elec-
lsllfs};iratory variability tromyography (EMG), plethysmography, and electrocardiography (ECG) in a commonly used genetic model of
Kvll SUDEP, the Kcnal knockout (Kcnal ~/~) mouse. During interictal periods, Kcnal ~/~ mice exhibited an ab-
Sleep normal absence of post-sigh apneas and a 3-fold increase in respiratory variability. During spontaneous con-

vulsive seizures, Kcnal ~/~ mice displayed an array of aberrant breathing patterns that always preceded cardiac
abnormalities. These findings support respiratory dysfunction as a primary risk factor for susceptibility to de-
leterious cardiorespiratory sequelae in epilepsy and reveal a new role for Kcnal-encoded Kv1.1 channels in the

regulation of basal respiratory physiology.

1. Introduction

People with epilepsy have up to 16-times greater risk of dying
suddenly for reasons that remain unknown even after autopsy (Holst
et al., 2013). These deaths are classified as sudden unexpected death in
epilepsy (SUDEP) and represent the leading cause of epilepsy-related
mortality, affecting about 1 in 1000 patients with epilepsy every year,
and up to 1 in 169 patients with drug-resistant epilepsy (Shorvon and
Tomson, 2011; Thurman et al., 2014). Because SUDEP strikes early in
life, its public health burden is immense, leading to the second-most
years of potential life lost among all neurological diseases (Thurman
et al., 2014).

SUDEP risk factors suggest it is predominantly a seizure-related
event (Devinsky et al., 2016). Early SUDEP studies in patients and an-
imal models noted heart rate changes associated with seizures and

focused on potential autonomic and cardiac causes (Bird et al., 1997;
Dasheiff and Dickinson, 1986; Glasscock et al., 2010; Goldman et al.,
2009; Russell, 1906). Emphasis shifted to respiratory mechanisms fol-
lowing the landmark retrospective study of mortality in epilepsy
monitoring units (MORTEMUS), which described nine SUDEP cases
with a pattern of seizures followed by terminal apnea preceding cardiac
arrest, suggesting respiratory failure could be the primary seizure-re-
lated cause of death (Ryvlin et al., 2013). Identification of common
mechanisms and unifying pathophysiological themes underlying
SUDEP are needed to develop effective preventative measures.

A commonly utilized mouse model of SUDEP is the Kcnal gene
knockout (Kcnal /) mouse, which lacks Kvl.1 voltage-gated po-
tassium channel a-subunits due to targeted gene deletion (Smart et al.,
1998). Kcnal =/~ mice recapitulate several important characteristics of
human SUDEP, including frequent early-onset generalized tonic-clonic
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seizures (up to ~24/d beginning at 2-3 weeks old); seizure-related
sudden death (occurring in about 75% of animals between 2 and
10 weeks old); and seizure-evoked progressive bradycardia leading to
cardiac arrest (Glasscock et al., 2010; Moore et al., 2014; Smart et al.,
1998). During interictal periods, Kcnal ™/~ mice show evidence of
vagally-driven cardiac dysfunction, including increased incidence of
atropine-sensitive atrioventricular conduction blocks; increased heart
rate variability; and increased susceptibility to spontaneous ectopic
firing of vagal axons (Glasscock et al., 2010, 2012; Mishra et al., 2017).
In patients, KCNA1 mutations also cause epilepsy, and they may in-
crease SUDEP risk since a de novo KCNAI copy number variant has
been identified by molecular autopsy of a human SUDEP case (Klassen
et al., 2014; Zuberi et al., 1999).

Although neurocardiac phenotypes of Kcnal ~/~ mice have been
extensively investigated, little is known about effects of spontaneous
seizures on respiration or the interplay between cardiac and respiratory
activity. Previous respiratory studies in Kcnal ™/~ mice have been
limited to short-term analysis of interictal periods and inducible sei-
zures, which may exhibit different features than spontaneous seizures,
the clinical hallmark of epilepsy (Aiba and Noebels, 2015; Kline et al.,
2005; Simeone et al., 2018). Therefore, the primary goal of this work
was to elucidate pathomechanisms underlying SUDEP susceptibility by
evaluating the cardiorespiratory profile of spontaneous seizures in
Kcnal ~/~ mice. Specifically, this study sought to answer the question
of whether respiratory or cardiac dysfunction is the most likely primary
contributing factor to SUDEP risk. To address this, a rodent epilepsy
monitoring unit (EMU) was developed that allows simultaneous re-
cording of behavior (video), brain (electroencephalography; EEG),
muscle (electromyography; EMG), pulmonary (plethysmographys;
pleth), and heart (electrocardiography; ECG) activities. However, while
seeking to identify ictal respiratory dysfunction, this research also un-
covered unexpected interictal breathing dysfunction in Kcnal =/~ mice,
suggesting Kv1.1 plays a role in regulating basal respiratory physiology.

2. Materials and methods
2.1. Animals and genotyping

Kcnal ~/~ mice (Tac:N:NIHS-BC genetic background) carry null
(KO) alleles of the Kcnal gene generated by targeted deletion of the
entire open reading frame on chromosome 6 (Smart et al., 1998). Mice
were housed at 22 °C, fed ad libitum, and submitted to a 12-h light/dark
cycle. For genotyping, genomic DNA was isolated by enzymatic diges-
tion of tail clips using Direct-PCR Lysis Reagent (Viagen Biotech, Los
Angeles, CA, USA). Genotypes were determined by performing PCR
amplification of genomic DNA using allele specific primers. The fol-
lowing primer sequences were used to yield genotype-specific ampli-
cons of ~337 bp for the wild-type (WT) allele and ~475 bp for the KO
allele: a WT-specific primer (5-GCCTCTGACAGTGACCTCAGC-3), a
KO-specific primer (5-CCTTCTATCGCCTTCTTGACG-3"), and a
common primer (5-GCTTCAGGTTCGCCACTCCCC-3’). All experiments
were performed in accordance with National Institutes of Health (NIH)
guidelines with approval from the Institutional Animal Care and Use
Committee of the Louisiana State University Health Sciences Center-
Shreveport.

2.2. Video-plethysmography recordings

Unanesthetized WT (Kcnal*’*; n = 6 males) and KO (Kcnal =’ ~;
n = 5 males, 1 female) mice (ages 27-49 d) were placed in an airtight
unrestrained, whole-body plethysmograph chamber (Data Sciences
International, St. Paul, MN, USA) outfitted with a digital video camera
for simultaneous behavioral monitoring. While in the chamber, mice
breathed normoxic (21% O,) room air that was continually exchanged
at a constant flow rate. A sensitive very low differential pressure
transducer (Validyne DP45; Northridge, CA, USA) connected to the
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chamber converted pressure changes associated with inspiration and
expiration into respiratory waveforms. Integrated temperature and
humidity probes were used to monitor and compensate for changes in
the ambient conditions of the chamber. For each experiment, mice were
acclimatized to the chamber for 45 min, and then respiratory activity
and video were simultaneously recorded for 6-8 h continuously using
Ponemah acquisition software (Data Sciences International, St. Paul,
MN, USA). Recording sessions were always conducted during the light
phase of the day (8:00 am to 4:00 pm). The following parameters were
determined using Ponemah analysis software (Data Sciences
International, St. Paul, MN, USA): respiratory rate (breaths per min;
BPM); tidal volume (T,); and minute ventilation (M,). Average re-
spiratory parameters for each mouse were calculated by sampling 50
consecutive breaths every hour for 5h for a total of 250 breaths.
Baseline measurements were only obtained during periods when ani-
mals were stationary and at rest, as verified by video monitoring.
Respiratory variability was calculated as the coefficient of variance
(CV) using the formula: CV = o/y, where o is standard deviation of
breath intervals and p is mean of breath intervals.

2.3. Video-electroencephalography-electromyography-plethysmography-
electrocardiography (EEG-EMG-pleth-ECG) recordings

WT and KO mice (ages 29-55 d, n = 6-7 per genotype including 3-4
of each sex) were anesthetized with avertin (0.02 mL/g, ip) and surgi-
cally implanted with bilateral silver wire EEG, ECG, and EMG elec-
trodes (0.005-in. diameter) attached to a microminiature connector for
recording in a tethered configuration. Avertin was prepared by mixing
250 mg 2,2,2-tribromoethanol (Sigma-Aldrich) with 155 pL 2-methyl-2-
butanol (Sigma-Aldrich) dissolved in 19.75 mL double-distilled water
heated to 40 °C, followed by filter-sterilization prior to use. EEG wires
were inserted into the subdural space through cranial burr holes
overlying parietotemporal cortex for the recording electrodes and
above frontal cortex for the ground and reference electrodes, as de-
scribed previously (Mishra et al., 2018). For ECG, two wires were
tunneled subcutaneously on both sides of the thorax and sutured in
place to record cardiac activity, as described previously (Mishra et al.,
2018). For EMG, wires were directly sutured to nuchal muscle to record
the muscle activity. Mice were allowed to recover from surgery for
>48h before recording. For recording, mice were placed in an un-
restrained whole-body plethysmography chamber as described above
but with a lid that was modified to accommodate wires for recording
EEG-EMG-ECG in a tethered configuration. Following a 45-min accli-
matization period in the chamber, video and EEG-EMG-pleth-ECG were
simultaneously recorded in 6-8 h sessions during the light phase of the
day (8:00 am to 4:00 pm) using Ponemah data acquisition and analysis
software (Data Sciences International, St. Paul, MN, USA). Biosignals
were band-pass filtered by applying 0.3-Hz high-pass and 200-Hz low-
pass filters for EEG; a 3.0-Hz high-pass filter for ECG; and 10-Hz high-
pass and 300-Hz low-pass filters for EMG. Sampling rates were set to
500 Hz for EEG, EMG and plethysmography and 2 kHz for ECG.

2.4. Analysis of respiratory and cardiac abnormalities

Respiratory and cardiac abnormalities were manually scored and
quantified offline. The respiratory variables analyzed included hy-
perventilation (increased breathing rate with higher tidal volume), ta-
chypnea (increased respiratory rate), ataxic breathing (abnormal pat-
tern of breathing characterized by complete irregularity of breathing
frequency and tidal volume), hypopnea (abnormally shallow
breathing), bradypnea (abnormally slow breathing), sigh (deep aug-
mented breath with a = 25% higher amplitude and = 125% higher
tidal volume compared to the preceding 10s), apnea (cessation of
plethysmographic signals for =2 respiratory cycles, or 0.8-s, as esti-
mated from the average respiratory rate in our studies), gasp (breaths
with low inspiration-expiration ratio), and Cheyne-Stokes respiration
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(progressively deeper, and sometimes faster, breathing followed by a
gradual decrease that results in a temporary stop in breathing). For
quantifying apneas, they were counted as a single event if they occurred
within 10s of each other. The cardiac variables analyzed included ta-
chycardia, bradycardia, sinus exit block (SEB; transient absence of sinus
node activity characterized by absence of P wave), atrioventricular
(AV) block (characterized by a P wave followed by the absence of a QRS
complex), premature ventricular block (PVC; wider QRS complex with
altered axis and occurring prematurely), agonal QRS, ST segment de-
pression, and QT prolongation. For ictal and peri-ictal respiratory and
cardiac parameters related to rate, tachy- and brady-phenomena were
defined as rate changes of at least +20% or — 20%, respectively, re-
lative to the 20-s pre-ictal period immediately before seizure onset.

2.5. Sleep analysis

NeuroScore software (version 3.2.0; Data Sciences International, St.
Paul, MN, USA) was used to determine vigilance state for every 10-s
epoch by evaluating EEG/EMG frequency and amplitude character-
istics, as done previously (Hajek and Buchanan, 2016): 1) Wakefulness -
low amplitude, high frequency (7-13 Hz) EEG with high EMG power; 2)
Non-rapid eye movement (NREM) sleep — high amplitude, low fre-
quency (0.5-4 Hz) EEG with moderate to low EMG power; 3) Rapid eye
movement (REM) sleep - moderate amplitude, moderate frequency
(4.5-8 Hz) EEG with minimal EMG power except for brief bursts. For
analysis in NeuroScore, the data was high-pass band filtered at 1 Hz for
EEG and 10 Hz for EMG. In addition, the delta and theta powerbands
for the sleep scoring protocol were set at 0.5-4 Hz and 6-9 Hz, re-
spectively. Finally, the software threshold settings for the slow wave
ratio, theta ratio, and EMG amplitude were adjusted and optimized for
each recording.

2.6. Statistical analysis

Data are presented as mean = SEM. Prism 6 for Windows
(GraphPad Software Inc., La Jolla, CA, USA) was used for statistical
analyses. For comparisons between genotypes, unpaired two-tailed
Student's t-tests were used. Results were considered significant if
P < 0.05.

3. Results
3.1. Kcnal ™/~ mice exhibit increased respiratory frequency and variability

Previous studies of respiration found that baseline breathing para-
meters were relatively normal in Kcnal ~/~ mice, but those analyses
were limited to short-term recordings with durations of 3-5min (Kline
et al., 2005; Simeone et al., 2018). To analyze interictal breathing in
greater detail, long-term (6-8 h) respiratory recordings were obtained
from WT and KO mice using unrestrained whole-body plethysmo-
graphy. Individual plethysmography (Pleth) respiratory waveforms
appeared qualitatively similar in WT and KO mice (Fig. 1A), but re-
spiratory rate was significantly increased by 20% in KO mice
(P = 0.0417; Fig. 1B), suggesting abnormal mild tachypnea at rest.
However, lung tidal volume and minute ventilation remained com-
parable between genotypes (Fig. 1C,D), as previously reported (Kline
et al., 2005; Simeone et al., 2018). Baseline breathing function can also
be evaluated by measuring respiratory variability using the coefficient
of variation (CV) of the inter-breath intervals, which provides a mea-
sure of respiratory stability and possibly a marker of SUDEP risk (Hajek
and Buchanan, 2016). The inter-breath time intervals were stable in WT
mice but extremely variable in KO animals (Fig. 1E). Quantification of
the variation of the inter-breath intervals revealed a significant 3-fold
increase in resting baseline respiratory variability in KO mice compared
to controls (Fig. 1F). Thus, long-term respiratory Pleth recordings re-
vealed that KO mice have moderately faster and much more variable
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Fig. 1. Kcnal =/~ mice exhibit increased respiratory rate and variability during
interictal periods. (A) Representative plethysmography recordings of respira-
tion in an unanesthetized WT and KO mice at rest. (B) Respiratory rate (breaths
per min) was significantly increased in KO mice, whereas no significant dif-
ferences were observed for (C) tidal volume or (D) minute ventilation (vent)
between WT and KO mice. (E) Representative plots of interbreath intervals (IBI)
for 100 consecutive breaths in a WT and a KO mouse while at rest. (F)
Respiratory variability, measured as the IBI coefficient of variance (CV), was
significantly increased by 3-fold in KO mice. n = 6/genotype. *, P < 0.05;
wxxk P < 0.0001 (unpaired two-tailed Student's t-test).

breathing than WT control mice.

3.2. Kcnal ~’/~ mice exhibit defects in post-sigh apnea generation

During respiratory recordings, three different types of apneas were
observed in WT animals, consistent with previous studies in mice: 1)
type 1 post-sigh apneas; 2) type 2 post-sigh apneas; and 3) spontaneous
apneas (Fig. 2A) (Yamauchi et al., 2008). By definition, a type 1 post-
sigh apnea is a cessation of breathing that occurs following several
eupneic breaths after a sigh, whereas a type 2 post-sigh apnea occurs
immediately following a sigh (Yamauchi et al., 2008). Spontaneous
apneas occur without a preceding sigh (Yamauchi et al., 2008). WT
animals exhibited about 16 *+ 2 apneas per h, consisting of pre-
dominantly type 1 post-sigh apneas (11 + 3 per h) and spontaneous
apneas (4 *= 1 per h); type 2 post-sigh apneas were only rarely seen
(1 = 0.03 per h; Fig. 2B). In contrast, during interictal periods KO mice
exhibited a nearly complete absence of all types of apneas, which were
significantly reduced by 81% (P = 0.0003) compared to WT controls
(Fig. 2B). The incidences of both type 1 post-sigh apneas (P = 0.0011)
and spontaneous apneas (P < 0.0001) were significantly reduced in
KO mice by about 75% (Fig. 2B). Although apnea frequency was
drastically reduced in KO mice, individual apnea durations remained
unchanged (Fig. 2C).

One explanation for the absence of interictal post-sigh apneas in KO
mice could be a corresponding reduction in sigh occurrence since sighs
trigger apneas as part of a normal reflex mechanism (Ramirez, 2014;
Yamauchi et al., 2008). However, sigh frequency was similar between
genotypes (Fig. 2D). Instead, the percentage of sighs that evoked an
apnea was significantly (P = 0.0012) reduced in KO mice (12 = 2%)
compared to WT animals (47 *= 8%), suggesting Kv1.1 deficiency im-
pairs the ability of a sigh to generate an apnea (Fig. 2E).

3.3. Kcnal ~’/~ mice exhibit a reduction in post-sigh apnea frequency
during NREM sleep

Post-sigh apneas in mice occur almost exclusively during NREM
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Fig. 2. Kcnal ™/~ mice exhibit defects in post-sigh apnea generation. (A)
Representative plethysmography recordings of the different types of apneas in
WT mice. (B) Quantification of apnea frequency by type, (C) apnea duration by
apnea type, (D) sigh frequency per hour, and (E) percentage ratio of post-sigh
apneas to total number of sighs for WT and KO mice. n = 6/genotype. **,
P < 0.01; ***, P < 0.001 (unpaired two-tailed Student's t-test). NA, not

available.

o

sleep when respiratory drive is attenuated and the metabolic drive from
chemoreceptors dominates (Javaheri, 2010; Nakamura et al., 2003;
Nakamura and Kuwaki, 2003). Previous studies have shown that
Kcnal ™/~ mice spend less time in rapid eye movement sleep (REM) and
non-REM sleep (NREM) and more time awake than WT animals
(Roundtree et al., 2016). Thus, the reduced NREM sleep in Kcnal ~/~
mice could contribute to their overall reduction in interictal post-sigh
apnea frequency. To test this hypothesis, a small animal epilepsy
monitoring unit (EMU) was developed to simultaneously record video,
EEG, EMG, Pleth, and ECG for comprehensive analyses of behavioral,
brain, muscle, lung, and heart activities, respectively.

Analysis of vigilance state from the EEG and EMG signals revealed
severe sleep abnormalities in Kcnal ~/~ mice, including drastic re-
ductions in NREM sleep time (—42 = 5%; P < 0.0001) and increased
wakefulness (+50 = 5%; P < 0.0001), similar to previous reports
(Roundtree et al., 2016) (Fig. 3A,B). To determine whether the reduc-
tion in post-sigh apneas in KO mice was due to a lack of NREM sleep,
the frequency of post-sigh apneas was calculated for each vigilance
state. NREM-associated post-sigh apneas (type 1 and 2) occurred fre-
quently in WT mice (15 * 3 per h) as expected, but only rarely in KO
mice (1 * 1 per h; P = 0.0022; Fig. 3C). In addition, the percentage of
sighs that evoked an apnea during NREM sleep was significantly
(P = 0.0008) reduced in KO mice (7 + 3%) compared to WT animals
(62 + 10%; Fig. 3D). Thus, the lack of NREM sleep time in KO mice
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does not appear to solely explain the drastic reduction in post-sigh
apnea frequency since sighs still fail to evoke apneas in KO mice even
when they are in NREM sleep.

3.4. Seizures evoke respiratory abnormalities in Kcnal ~/~ mice

Video-Pleth recordings were examined to determine whether KO
mice exhibit respiratory abnormalities during spontaneous seizures,
which were manually identified from video recordings by their char-
acteristic convulsive behaviors, as done previously (Gautier and
Glasscock, 2015). Video analyses revealed that during the plethysmo-
graphy recording sessions, KO mice experienced numerous behavioral
seizures of varying severity. We categorized these seizures according to
the Racine scale: Stage 2 (mouth and facial movement with head
nodding); Stage 3 (forelimb clonus); Stage 4 (rearing with forelimb
clonus); and Stage 5 (rearing and falling with forelimb clonus). The
onset of behavioral seizure activity was always associated with hy-
perventilatory breathing (Fig. 4). Less severe seizures (Stages 1-2)
usually exhibited hyperventilation and tachypnea (Fig. 4A). In contrast,
more severe seizures (Stages 3-5) manifested more adverse respiratory
abnormalities including patterns of hyperventilation with tachypnea
transitioning to marked ataxic or apneic breathing (Fig. 4B,C). Thus,
Kcnal =/~ mice exhibit ictal respiratory abnormalities that tend to in-
crease in severity as seizure severity increases.

3.5. Seizure-evoked respiratory dysfunction precedes cardiac abnormalities
in Kcnal =/~ mice

Since ECG and EEG were not monitored in our initial breathing
studies (Fig. 4), the interplay between cardiac and respiratory activities
could not be assessed and precisely correlated with seizure epochs,
which are more accurately delineated electrographically. Therefore, to
identify patterns of seizure-related cardiorespiratory dysfunction that
may contribute to SUDEP risk and their temporal relationship, Kcnal =/
~ mice were recorded using simultaneous EEG-EMG-Pleth-ECG. A total
of 73 seizures were captured in 7 Kcnal ~/~ mice, including 29 mild
(stages 1-2) and 44 severe (stages 3-5) seizures, and the incidence of
ictal and post-ictal respiratory and cardiac abnormalities catalogued
and quantified (Fig. 5).

During seizures, the incidence and severity of respiratory abnorm-
alities was higher in more severe seizures, as observed in the video-
EEG-EMG-Pleth-ECG recordings. The most common respiratory ab-
normalities observed were hyperventilation and tachypnea, occurring
in > 50% of mild seizures and > 95% of severe seizures. When hy-
perventilation occurred, it always coincided exactly with electrographic
seizure onset (Figs. 6-8), as predicted from the video-Pleth recordings
(Fig. 4). Ataxic breathing, a potentially harmful respiratory pattern,
occurred in 66% of severe seizures, but only in 17% of mild seizures.
Other deleterious breathing patterns, including hypopnea, bradypnea,
and apnea, only occurred during severe seizures and only about 9-25%
of the time.

Ictal cardiac abnormalities were also present. However, they were
more likely to occur during severe seizures, and their overall prevalence
was much lower than respiratory abnormalities (Fig. 5C). The most
common ECG abnormalities observed were tachycardia, bradycardia,
sinus exit blocks, premature ventricular contractions (PVC), and atrio-
ventricular (AV) conduction blocks, but their incidence was still rela-
tively low, occurring in 9-23% of severe seizures. During the postictal
period, the onset of cardiorespiratory abnormalities was also observed
but with a much lower incidence than during seizures (Fig. 5D).

To determine whether respiratory or cardiac dysfunction is the
primary defect leading to SUDEP susceptibility in Kcnal ~/~ mice, the
temporal sequence of ictal cardiorespiratory abnormalities was ana-
lyzed. Some seizures exhibited respiratory abnormalities in the absence
of obvious cardiac irregularities. For example, a Cheyne-Stokes pattern
of respiration, characterized by cycles of progressively deeper breathing
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Fig. 3. Kcnal ~/~ mice exhibit reduced post-sigh apnea fre-
quency during NREM sleep. (A) Representative hypnograms
from unanesthesized WT and KO mice during a 6-h recording
session, demonstrating reduced sleep in KO mice. (B)
Quantification of percentage time spent per hour in each
vigilance state for WT and KO mice reveals decreased NREM
and REM sleep in KO with significantly increased wakeful-
ness. (C) Post-sigh apnea frequency and (D) post-sigh apnea/

sigh percentage were significantly reduced during NREM
sleep, the predominant vigilance state for the occurrence of
post-sigh apneas. n = 6/genotype. *, P < 0.05; **,
P < 0.01; ****, P < 0.001 (unpaired two-tailed Student's t-
test). NREM, non-rapid eye-movement sleep; REM, rapid eye-

movement sleep.
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followed by a gradual decrease that results in a brief apnea, was ob-
served in one seizure without any obvious cardiac abnormalities or
heart rate changes (Fig. 6). However, when cardiac dysfunction was
present during a seizure, it was always preceded by respiratory dys-
function, usually ataxic breathing (Figs. 7, 8). Although no SUDEP
events occurred during our recordings, one near SUDEP event was
captured that illustrates an extreme example of respiratory-mediated
ictal cardiac dysfunction (Fig. 8). In this case, a 42-s stage 5 seizure
evoked a 14-s apnea followed by postictal generalized EEG suppression
(PGES) and myriad ECG abnormalities such as bradycardia, premature
ventricular block (PVC), sinus exit blocks (SEB), tachycardia, AV nodal
block, SEB with ventricular escape beat, agonal QRS, AV block with
ventricular escape beat, ST depression, and QT prolongation
(Fig. 8A,C). Agonal QRS and ST depression are often indicative of hy-
poxia or myocardial damage. These findings support the hypothesis that
the primary driver of seizure-related cardiac dysfunction in Kcnal =/~
mice is aberrant respiration occurring during the seizure.

4. Discussion

This is the first study to describe the cardiorespiratory profile of
spontaneous seizures in the Kcnal ~/~ mouse, one of the most com-
monly used models for investigation of SUDEP pathomechanisms.
Previous studies in this model have focused on cardiac and autonomic
mechanisms with ictal respiratory data limited to induced seizures,
which do not meet the clinical criteria for epilepsy. Comprehensive
monitoring in our rodent EMU revealed an array of breathing irregu-
larities occurring during spontaneous seizures. These respiratory ab-
normalities became more severe as behavioral seizure severity in-
creased (Fig. 4). In addition, simultaneous ECG recordings revealed that
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cardiac dysfunction was always closely preceded by respiratory dys-
function (Figs. 7,8), suggesting the possibility that respiratory factors
trigger abnormal cardiac activity. This work also uncovered a unique
effect of Kv1.1 deficiency on basal respiration: a nearly complete ab-
sence of interictal apneas (Fig. 2B). Therefore, in addition to detailing
cardiorespiratory patterns underlying SUDEP susceptibility, these
findings also suggest an important requirement for Kvl.1 subunits in
maintaining normal respiratory physiology.

A major barrier to understanding and preventing SUDEP has been a
lack of consensus on whether cardiac or respiratory dysfunction is the
primary initiating factor leading to death. Cardiac events have been
frequently reported associated with seizures, but these could be sec-
ondary to breathing dysfunction since concurrent respiratory mon-
itoring has usually not been available (Bird et al., 1997; Dasheiff and
Dickinson, 1986; Glasscock et al., 2010; Goldman et al., 2009; Russell,
1906). Here, we developed a rodent EMU to overcome that limitation.
Recordings revealed that respiratory abnormalities in Kcnal =/~ mice
were much more common during seizures than cardiac dysfunction
(Fig. 5C). A reliable marker of electrographic seizure onset in Kcnal =/~
animals was hyperventilation and tachypnea, which almost always
occurred simultaneously with the beginning of seizure activity
(Fig. 6-8). Importantly, ictal breathing difficulties always immediately
preceded cardiac abnormalities in Kcnal ~/~ mice (Fig. 7C, 8C).

Since no SUDEP events were captured during our recordings, it re-
mains unknown if or how the cardiorespiratory patterns of fatal sei-
zures differ from nonfatal ones. However, we did observe a 42-s non-
fatal seizure that we consider a near-SUDEP event since it involved an
exceptionally prolonged 14-s apnea that began near the end of the
seizure and continued into the postictal period (Fig. 8). This breathing
cessation led to cardiac abnormalities indicative of hypoxia, including
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Fig. 4. Seizures evoke respiratory abnormalities in Kcnal ~/~ mice. Video-
plethysmography recordings of (A) stage 2, (B) stage 3, and (C) stage 5 beha-
vioral seizures according to the Racine scale: stage 2 (head nodding); stage 3
(forelimb clonus); and stage 5 (rearing and falling with forelimb clonus). Stage
5 seizures typically exhibited deleterious respiratory abnormalities character-
ized by patterns of hyperventilation with tachypnea transitioning to prolonged
ataxic breathing with or without apnea. Onset and termination of spontaneous
behavioral seizures are denoted by dotted red lines. Various types of respiratory
abnormalities are labeled with lines to indicate their corresponding duration. S,
sigh; HV, hyperventilation; TP, tachypnea; BP, bradypnea; AP, apnea; ATX,
ataxic breathing.

ST depression and agonal QRS complexes, before normal cardior-
espiratory rhythms resumed. Bradycardia and ST-segment abnormal-
ities have also been observed in rats due to obstructive apnea caused by
laryngospasm during kainic acid-induced seizures (Nakase et al., 2016).
Whether the ictal apneas in our animals were central or obstructive
cannot be definitively ascertained since intercostal EMG electrodes
were not present.

In a study of intractable epilepsy patients, central apnea and O,
desaturation occurred when seizures spread to the amygdala or upon
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amygdala stimulation, indicative of functional connectivity between
the amygdala and medullary respiratory networks (Dlouhy et al.,
2015). In Kcnal ™/~ mice, spontaneous seizures also activate the
amygdala which could contribute to the manifestation of ictal breathing
abnormalities (Gautier and Glasscock, 2015). A limitation of our ex-
periments was that blood gases were not measured so changes in O,
CO,, or pH can only be inferred. However, pulse oximetry studies in
Kcnal ~/~ mice show they experience frequent hypoxia with O, sa-
turation levels < 90% (Simeone et al., 2018). A recent study of SUDEP-
prone Scnl1a®'*%7*/* Dravet syndrome mice is the only other study to
date that has employed simultaneous monitoring of cardiac and re-
spiratory activity with EEG to identify patterns associated with spon-
taneous seizures (Kim et al., 2018). Although seizures in Scnl1a®#07%/*
mice did not consistently evoke increases in respiratory rate at ictal
onset like Kcnal ~/~ seizures, they did exhibit ictal apnea or respiratory
depression prior to bradycardia or terminal asystole (Kim et al., 2018).
Taken together, findings in Kcnal =/~ and Scnla®#°7*/* mice point to
the importance of respiratory mechanisms as primary initiating events
leading to deleterious cardiorespiratory dysfunction underlying SUDEP
risk.

The peri-ictal cardiorespiratory patterns in mouse SUDEP models
exhibit both similarities and differences with those identified in SUDEP
patients, providing an opportunity to identify possible unifying patho-
physiological themes. In the MORTEMUS study, all SUDEP events ex-
hibited a generalized tonic-clonic seizure followed by postictal in-
creases in respiratory and heart rates, which gave way to a lethal
combination of central apnea, bradycardia, and asystole coincident
with postictal generalized EEG suppression (Ryvlin et al., 2013). In
MORTEMUS patients, terminal apnea always preceded cardiac arrest
suggesting the primacy of respiratory mechanisms and resembling
findings in Kcnal ~/~ and Scn1a®#°7*/* mice (Kim et al., 2018; Ryvlin
et al., 2013). However, the mouse models show terminal or near fatal
apnea beginning during the seizure rather than postictally as in mon-
itored SUDEP patients.

The pattern of lethal cardiorespiratory failure preceded by re-
spiratory depression is also present in anesthetized Kcnal /~ mice
with long-duration seizures induced by topical cortical application of
the potassium channel blocker 4-aminopyridine (4-AP) (Aiba and
Noebels, 2015). In these animals, 4-AP-induced seizures trigger re-
spiratory depression that begins during the ictal period and gives way
to coincident postictal EEG suppression and brainstem spreading de-
polarization (SD) that culminates in eventual fatal cardiorespiratory
arrest (Aiba and Noebels, 2015). In contrast, 4-AP-induced seizures in
WT mice cause only minimal cardiorespiratory effects and fail to evoke
SD and death (Aiba and Noebels, 2015). It is unlikely that the cardi-
orespiratory dysfunction in our recordings was caused by brainstem SD.
First, brainstem SD was always fatal in Kcnal =/~ mice with 4-AP-in-
duced seizures, whereas the seizures in this study were nonfatal.
Second, ictal apnea preceded SD-related arrhythmia onset in the 4-AP-
induced Kcnal ~/~ seizure model with a latency on the order of tens of
seconds to minutes, much longer than the hundreds of milliseconds to
seconds latencies in this study. The shorter latencies in our study sug-
gest the involvement of cardiorespiratory coupling reflex mechanisms
rather than SD. Third, brainstem SD should exhibit a very long recovery
time (Lauritzen et al., 2011) leading to prolonged cardiorespiratory
depression, whereas in our animals, cardiorespiratory dysfunction was
rapidly reversible (< 1 min).

One issue that remains to be resolved is whether fatal spontaneous
seizures in Kcnal ~/~ mice exhibit the same pattern of lethal dysfunc-
tion as 4-AP-induced seizures (i.e., ictal apnea followed by postictal SD
and cardiorespiratory arrest). In unpublished EEG-ECG recordings
without plethysmography, we have recently captured two spontaneous
SUDEP events in Kcnal ~/~ mice. In both cases, death was precipitated
by fatal seizures that were relatively short (40s) with running and
bouncing behaviors (stage 5) and culminating in tonic extension and
death. In both animals, bradycardia became apparent at 17-20s after
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Fig. 5. Kcnal /"~

mice exhibit a higher incidence of respiratory abnormalities during seizures than cardiac abnormalities. (A) Plethysmography and (B) electro-

cardiography (ECG) traces from KO mice showing examples of various ictal respiratory and cardiac abnormalities, respectively. Quantification of the incidence of (C)
ictal and (D) postictal respiratory and cardiac abnormalities associated with mild (stage 1-2; n = 29) and severe (stage 3-5; n = 44) seizures recorded in 7 KO mice (3
male and 4 female). The postictal period was defined as the 20 s immediately after cessation of seizure. AV, atrioventricular; AVB, atrioventricular block; ECG,
electrocardiogram; P, P wave; PVC, premature ventricular contraction; SEB, sinus exit block; V, ventricular.

electrographic seizure onset and about 2-3s before the initiation of
running/bouncing behaviors. Following the seizures, postictal EEG
suppression was present, as well as profound bradycardia of
120-240 bpm including agonal QRS complexes indicative of severe
hypoxia. Whether seizures can trigger lethal SD on such a short time-
scale remains to be seen since studies of fatal induced or spontaneous
seizures in SUDEP mouse models show brainstem SD developing over
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=2 min during prolonged seizures of =3 min (Aiba and Noebels, 2015;
Loonen et al., 2019).

In addition to ictal breathing phenomena, our findings reveal an
important role for Kvl.1 subunits in maintaining normal basal re-
spiratory physiology. Whereas numerous studies have identified gene
mutations that increase apnea frequency (Durand et al., 2005;
Marcouiller et al., 2014; Nakamura et al., 2007; Real et al., 2007;
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Fig. 6. Spontaneous seizure in a Kcnal /~ mouse with
Cheyne-Stokes respiration and no effect on heart rate. (A)
Recording of simultaneous EEG-EMG-Pleth-ECG activity
during a spontaneous stage 3 seizure in a 39-day old Kcnal =/
~ mouse. Onset and termination of the seizure are indicated
by dotted red lines. (B) Respiratory and heart rates (per min)
corresponding to the recording in (A). Each dot in the plot
represents the 2-s mean value. (C) Expanded traces of ple-
thysmography and ECG for the time indicated by the boxed
area showing Cheyne-Stokes respiration with no effect on the
heart rate. Some movement artifacts are present in the ECG
signals; therefore, scoring of heartbeats was done manually as
needed. ECG, electrocardiography;  EEG, electro-
encephalography; EMG, electromyography; Pleth, plethysmo-
graphy.
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Stettner et al., 2007), Kcnal deletion represents the first mutation to oxygenation, which reduces chemoreceptor-mediated respiratory drive;
abolish apneas (Fig. 2B). Sighs trigger respiratory pauses or apneas as a and/or 2) activating pulmonary stretch receptors, which increase me-
normal physiological reflex response by: 1) increasing blood chanoreceptor-mediated breathing inhibition (Hering-Breuer reflex)
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Fig. 7. Spontaneous seizure in a Kcnal ~/~ mouse with re-
spiratory dysfunction preceding cardiac abnormalities. (A)
Recording of simultaneous EEG-EMG-Pleth-ECG activity
during a spontaneous stage 5 seizure in a 35-day old Kcnal ~/
~ mouse. Onset and termination of the seizure are indicated
by dotted red lines. (B) Respiratory and heart rates (per min)
corresponding to the recording in (A). Each dot in the plot
represents the 2-s mean value. (C) Expanded traces of EEG,
Pleth, and ECG at the times indicated by the black dotted lines
numbered 1 to 6 in (A). The numbers mark the following
events: 1, pre-ictal phase; 2, hyperventilation with unchanged
heart rate shortly after the onset of the seizure; 3, ictal ataxic
breathing with unchanged heart rate; 4, ataxic breathing with
significant bradycardia shortly before seizure termination; 5,
post-ictal EEG suppression with bradypnea and a sinus exit
block; 6, post-ictal ataxic breathing with a sinus exit block
followed by a ventricular escape beat. Between numbers 4
and 5, a 4-s apnea occurs at the beginning of the post-ictal
period. Some movement artifacts are present in the plethys-
mography and ECG signals; therefore, scoring of breaths and
heartbeats was done manually as needed. The high frequency
ECG signal noise during portions of the seizure likely reflects
skeletal muscle activity. ECG, electrocardiography; EEG,
electroencephalography; EMG, electromyography; Pleth, ple-
thysmography.
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(Nakamura and Kuwaki, 2003; Yamauchi et al., 2008). In mice, post-
sigh apneas mostly occur during NREM sleep (Nakamura et al., 2003;
Nakamura and Kuwaki, 2003). However, even after accounting for
NREM sleep deficits, Kcnal ™/~ mice still exhibited profound reduc-
tions in postsigh apnea frequency (Fig. 3C,D). Furthermore, sigh fre-
quency was not significantly different in Kcnal ~/~ mice (Fig. 2D),
suggesting that the defect lies in apnea generation, most notably after a
sigh. One explanation for the absence of apneas could be increased
peripheral chemosensory activity leading to aberrant carotid body
firing following sighs, which inhibits apneas (Sheikhbahaei et al.,
2017). Kcnal deletion increases the excitability of the afferent che-
mosensory pathway at the levels of the carotid bodies and the nucleus
of the solitary tract which enhances respiration in response to hypoxia
(Kline et al., 2005). Another explanation for the lack of apneas in
Kcnal ™/~ mice could be altered excitability of the brainstem re-
spiratory nuclei, such as the pre-Botzinger complex, that control re-
spiratory rhythms and regulate sigh-apnea coupling (Anderson and
Ramirez, 2017). Interestingly, a reduction in post-sigh apneas has been
observed in infants who later succumbed to sudden infant death syn-
drome (SIDS), possibly due to alterations in the chemoreceptor pathway
(Kahn et al., 1988).

In addition to apneas, Kcnal ~/~ mice exhibited basal respiratory
alterations manifested as increases in interictal respiratory rate and
variability (Fig. 1B,E,F). Although we do not know the mechanism
underlying the increased respiratory variability in Kcnal ~/~ mice, it
may represent a marker of elevated SUDEP risk. Previously, increased
respiratory variability has been linked to increased risk of death in mice
following seizures induced by maximal electroshock (Hajek and

4 5 6

Neurobiology of Disease 127 (2019) 502-511

Fig. 8. Spontaneous seizure in a Kcnal ~/~ mouse with a
prolonged 14-s apnea followed by myriad ECG abnormalities
representing a possible near SUDEP event. (A) Recording of
simultaneous EEG-EMG-Pleth-ECG activity during a sponta-
neous stage 5 seizure in a 35-day old Kcnal =/~ mouse. Onset
and termination of the seizure are indicated by dotted red
lines. (B) Respiratory and heart rates (per min) corresponding
to the recording in (A). Each dot in the plot represents the 2-s
mean value. (C) Expanded traces of EEG, Pleth, and ECG at
the times indicated by the black dotted lines numbered 1 to 6
in (A). The numbers mark the following events: 1, pre-ictal
phase; 2, hyperventilation with unchanged heart rate shortly
after the onset of the seizure; 3, ictal ataxic breathing with
unchanged heart rate; 4, apnea with significant bradycardia
shortly after seizure termination; 5, post-ictal EEG suppres-
sion with bradypnea and agonal QRS (ECG shown expanded
below); 6, post-ictal EEG suppression with hypopnea and ECG
exhibiting ST depression and QT prolongation (ECG shown
expanded below). ECG, electrocardiography; EEG, electro-
encephalography; EMG, electromyography; Pleth, plethys-
mography.
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Buchanan, 2016). This respiratory rhythm instability may cause vul-
nerability to cardiorespiratory failure triggered by a seizure, which
further destabilizes the system (Hajek and Buchanan, 2016).

5. Conclusions

This study profiles patterns of cardiorespiratory activity associated
with increased SUDEP risk using Kcnal ™/~ mice as a model. These
findings emphasize the importance of respiratory mechanisms as po-
tential initiating factors triggering deleterious cardiorespiratory dys-
function. Dissecting the relative importance of cardiac and respiratory
abnormalities in SUDEP causation is imperative for identifying appro-
priate preventative measures, whether they should be targeted at the
heart or breathing. Complicating this endeavor is genetic pleiotropy,
whereby most candidate genes for SUDEP can exert dual brain-heart
arrhythmogenic effects due to expression in both brain and heart tissues
(Glasscock, 2014). For example, in addition to the nervous system,
Kv1.1 subunits are also expressed in cardiomyocytes where their defi-
ciency impairs heart function intrinsically (Glasscock et al., 2015; Si
et al., 2018). Therefore, compromised heart function could further ex-
acerbate the likelihood of breathing dysfunction triggering deleterious
cardiac arrhythmias. In summary, this work illuminates the crossroads
between respiratory and cardiac mechanisms in epilepsy, providing
evidence for primary breathing dysfunction as an important risk factor
for increased SUDEP susceptibility.
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