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Cardiorespiratory failure is the most common cause of sudden
unexplained death in epilepsy (SUDEP). Genetic autopsies have
detected “leaky” gain-of-function mutations in the ryanodine recep-
tor-2 (RyR2) gene in both SUDEP and sudden cardiac death cases
linked to catecholaminergic polymorphic ventricular tachycardia that
feature lethal cardiac arrhythmias without structural abnormality.
Here we find that a human leaky RyR2 mutation, R176Q (RQ), alters
neurotransmitter release probability in mice and significantly lowers
the threshold for spreading depolarization (SD) in dorsal medulla,
leading to cardiorespiratory collapse. Rare episodes of sinus brady-
cardia, spontaneous seizure, and sudden death were detected in RQ/+
mutant mice in vivo; however, when provoked, cortical seizures fre-
quently led to apneas, brainstem SD, cardiorespiratory failure, and
death. In vitro studies revealed that the RQ mutation selectively
strengthened excitatory, but not inhibitory, synapses and facilitated
SD in both the neocortex as well as brainstem dorsal medulla auto-
nomic microcircuits. These data link defects in neuronal intracellular
calcium homeostasis to the vulnerability of central autonomic brain-
stem pathways to hypoxic stress and implicate brainstem SD as a
previously unrecognized site and mechanism contributing to prema-
ture death in individuals with leaky RYR2 mutations.

sudden unexpected death in epilepsy | SUDEP | catecholaminergic
polymorphic ventricular tachycardia | CPVT | ryanodine receptor

p to 10% of individuals with seizures of unknown cause and
without known structural cardiac pathology die of sudden
unexpected death in epilepsy (SUDEP), and this morbidity is
second only to stroke in the number of life-years lost (1). Despite
the high mortality rate, comparable to that of sudden infant death
syndrome (SIDS), the exact causes are unclear, and there is no
effective prediction or intervention. Cardiorespiratory dysfunction
and collapse have been observed following generalized tonic—
clonic seizures in a small number of monitored cases (2), “near
SUDEP” cases (3), and mouse SUDEP models (4-6). Genes
linked with the most common cardiac LQT syndromes including
LQT1 (KCNQ1), LQT2 (KCNH2/HERG), and LQT3 (SCN5A)
are expressed in both the human heart and brain, where mutations
in the kinetics of these membrane ion channels prolong de-
polarization and produce combined seizure, cardiac arrhythmia,
and sudden death phenotypes (7, 8). Because mutations in these
ion channel genes currently explain only a small fraction of
SUDERP cases (7), the search for additional genes and mechanisms
is a high priority to understand and treat sudden death risk.
Along with cardiac arrhythmia, recent findings in voltage-gated
ion channelopathy models point to an extracardiac, central auto-
nomic involvement of these genes in the events leading to sudden
cardiac death. Spreading depolarization (SD) is a slow propagating
wave of cellular depolarization that occurs in human brain and is
known to contribute to transient neurological deficits during mi-
graine auras (9, 10). Once triggered, the profound local de-
polarization of neurons and glia compromises electrical brain
activity and energy metabolism. We recently reported that cortical
seizures lead to ictal hypoxia and SD in mouse SUDEP models,
resulting in cortical electroencephalography (EEG) depression and
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terminal cardiorespiratory arrest (11). We also found that slices of
dorsal medulla from these Kvl.1- and Navl.1-deficient SUDEP
mice facilitated SD generation in vitro following hypoxic challenge.
These results suggest that gene mutations that lower SD threshold
may increase the risk of sudden death via peri-ictal hypoxic de-
polarization of brainstem cardiorespiratory control centers, impli-
cating a site for therapeutic intervention.

The basis for the complex loss of homeostasis in the neuronal
microenvironment during SD involves aberrant, regenerative
glutamate transmitter release and extracellular potassium accu-
mulation, but its molecular triggering mechanisms remain poorly
understood. The first and one of the most studied SD-related
genes is a gain-of-function mutation in CACNAIA encoding the
P/Q-type calcium channel, originally identified in familial hemiplegic
migraine (FHM1) (12). Mice carrying these mutations show in-
creased high voltage-activated calcium current, resulting in facili-
tated transmitter release at excitatory synapses, lower SD
threshold, faster SD propagation, seizures, and early lethality (13-
15). In contrast, mice with loss-of-function P/Q channel mutations
show an increased SD threshold and normal lifespan (16). Al-
though these studies underscore the critical role of plasmalemmal
presynaptic calcium channels in the generation of SD and sudden
death, the roles of genes regulating intracellular Ca** levels that
may also influence transmitter release remain unknown. The
ryanodine receptor-2 (R2yR2) is an intracellular Ca®* channel that
elevates cytoplasmic Ca“* by release from endo- and sarcoplasmic
stores upon activation (17). Among the three isoforms (RyR1-3),
RyR?2 is critical for cardiac excitation—contraction, and gain-of-func-
tion “leaky” mutations are found in patients with catecholaminergic
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Fig. 1. In vivo simultaneous EEG and EKG monitoring of awake RQ (R176Q/+) mutant and WT male mice (P30-50, n = 5 each) revealed resting abnormalities
in brain and cardiac rhythms. (A and B) Representative traces of cortical spikes (*) with normal EKG (A) and a brief episode of bradycardia with normal EEG
activity (B). (C) Histogram of spike distribution from a RQ mouse showing the large variability in EEG spike occurrence. (D) Summary of spike frequency from
five RQ mutant and WT animals. Each data point shows numbers of spikes in 1-h bins. (E) EEG tracing showing an example of a spontaneous convulsive seizure
in a RQ mutant mouse. (F) EKG recordings from WT (Top) and RQ mutant mice (Bottom) 10 min after caffeine injection (100 mg/kg, i.p.). Cardiac arrhythmias
were seen in RQ mutant but not WT mice. (G) Caffeine injection led to cardiac fibrillation and arrest in RQ mutant mice. No abnormal EEG discharges were

seen during caffeine-induced lethal cardiac arrhythmias.

polymorphic ventricular tachycardia (CPVT) (18, 19) linked to
sudden death without structural cardiac abnormality (20, 21). Leaky
RyR2 mutations generate intrinsic cardiac instability commonly
assumed to explain cardiac arrest, but these patients also experience
sinus bradycardia (22), suggestive of abnormal regulation of pre-
motor vagal nerve excitability. It is unknown whether they might
also contribute to premature death by lowering the threshold for
hypoxic depolarization that silences brainstem cardiorespiratory
pace-making circuitry. RyR2 is also expressed in the central nervous
system (23) and contributes to vesicular transmitter release (24-26)
and postsynaptic dendritic spine function (27). A gain-of-function or
leaky RyR2 mutation (R2474S) lowered the threshold for seizures
in mouse brain (28), and other missense RyR2 mutations have been
detected in SUDEP victims, of which two (Q2958R and C1489R)
are linked to CPVT (7, 29, 30).

Here we examined whether abnormal intracellular Ca** ho-
meostasis due to a leaky RyR2 mutation can modify synaptic
transmission, network excitability, and the SD threshold in knock-in
mice carrying the RyR2 R176Q (hereafter RQ), a gain-of-function
mutation identified in a CPVT patient (31). Our study demonstrates
that this mutation is associated with selective synaptic transmission
changes in excitatory cortical and vagal motor neurons and network
hyperexcitability and significantly lowers cortical and brainstem SD
thresholds. Cortical seizures in the RQ mutant mouse trigger SD
and cardiorespiratory arrest associated with bradycardia, identifying
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a brainstem central autonomic pathway mechanism underlying
leaky RYR?2 sudden death risk and validating the inclusion of
RYR?2 as a SUDERP risk gene in clinical exome profiling.

Results

In Vivo Characterization of Cortical Spikes, Seizure, and SD in RYR2 RQ
Mutant Mice. We first characterized the cortical excitability pheno-
type of awake RYR2 R176Q (R176Q/+) knock-in (hereafter RQ)
mice by video EEG-electrocardiography (EKG) recordings in un-
anesthetized freely moving mice. Prolonged EEG-EKG monitoring
revealed spontaneous bilateral cortical epileptiform spike discharges
in RQ mutant mice (Fig. 1 A and B). Abnormal spike discharges
were mostly absent when mice were behaviorally active and in-
creased at rest. Spectral EEG analysis revealed that cortical theta
power (4-7 Hz), typically prominent during drowsiness, was signifi-
cantly increased (200.1 + 71.4% of spike-free period, n =5, P < 0.05)
during spike-frequent periods compared with spike-free periods, al-
though there was large daily variability (Fig. 1 C and D). Seizure
activity was rare, and only one spontaneous seizure was detected in
one out of five mutant mice during 1648 h of monitoring in each
mouse (Fig. 1E). Spontaneous episodes of bradycardia and artrio-
ventricular (AV) block were detected in three out of five RQ mice,
however these cardiac events did not associate temporally with ab-
normal EEG activity (Fig. 1B). Similar episodes of sinus bradycardia
have been reported in CPVT patients with RyR2 mutations (22).
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Fig. 2. Seizure monitoring in vivo. (A) Experimental procedure. Juvenile mice (P18-25) were lightly anesthetized with urethane, and body temperature was
maintained at 37 °C. Cortical EEG was recorded from an Ag/AgCl electrode implanted on the skull over the somatosensory cortex. Seizures were evoked by
topical application of 4AP (100 mM). Heart rate was monitored with s.c. electrodes implanted on the thoracic wall. (B) Plot of survival rate following 4AP
application. Seventy-one percent of RQ mutant mice (5 of 7) died shortly after 4AP-induced seizure, whereas none (0 of 7) of the WT mice died. (C) Rep-
resentative recording showing terminal brainstem SD and cardiac arrhythmias following recurrent cortical seizures. Insets show EEG/EKG activity during

baseline, during seizure (a), and after brainstem SD (b).

We next examined the effect of the RyR2 agonist, caffeine.
Similar to isoproterenol challenge (21), i.p. injection of caffeine at
a high dose (100 mg/kg) promptly resulted in abnormal EKG
patterns in RQ mutant mice characterized by frequent bigeminy
and sporadic ventricular fibrillation (Fig. 1 F and G). At the onset
of cardiac fibrillation, the EEG showed low-amplitude, high-fre-
quency activity. In WT mice, caffeine evoked only a brief period of
tachycardia that resolved within 5 min without EEG abnormali-
ties. All injected RQ mutant mice died within 2 h postinjection,
whereas none of the WT mice died following the same treatment.
Collectively these data indicate that the RyR2 RQ mutation in-
creased cortical excitability and facilitated caffeine-induced lethal
cardiac arrhythmias.

High Incidence of Seizure-Induced Death in RQ Mutant Mice. We
tested the vulnerability of juvenile RQ mice to seizure-induced
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death. Under light urethane anesthesia, cortical seizures were
evoked in vivo by topical application of a pledget soaked in the
convulsant potassium channel blocker 4-aminopyridine (4AP;
100 mM) while simultaneously monitoring cortical EEG, brainstem
direct current (DC) activity and the electrocardiogram (Fig. 24). In
both control and RQ mutant mice, EEG seizures were detected
~40 min after 4AP application. During 2-h recording sessions, five
of seven RQ mutant mice (71%) died shortly following the ap-
pearance of recurrent seizures, whereas all WT mice survived (Fig.
2B; P = 0.025, Mantel-Cox test). Death (defined by the termination
of heartbeat and respiration) followed minutes after the onset of SD
in the dorsal medulla. An example is shown in Fig. 2C. In this re-
cording, lethal cardiac arrhythmias occurred >5 min after the last
seizure. Recordings from the dorsal medulla surface detected postictal
abnormal excitation overriding a strong depolarizing negative DC
potential that was associated with the onset of agonal breathing and
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Fig. 3.

In vivo and in vitro characterization of SD thresholds. (A-C) Characterization of cortical SD frequency in vivo. SD was evoked by topical application of KCI-

soaked gelfoam in the cranial window and was detected with a pair of Ag/AgCl electrodes. (A) Traces show representative DC recordings from WT (Top) and RQ
mutant (Bottom). The inter-SD interval was significantly shorter (B) and the propagation rate was faster (C) in the RQ mutant cortex. (D-F) Characterization of
KCl-evoked cortical SD in vitro. SD was evoked by local microinjection of 1 M KCl and detected by DC recording and 10S change (D). Raw image (Top) and a
sequence of ratio images showing bright region of 10S change of SD (Bottom). The effective KCl pulse duration needed to trigger SD was shorter (E) and the SD
propagation rate was faster (F) in cortical slices obtained from the RQ mouse. For each genotype, 14 slices from four adult mice were used. (G-/) Characterization
of cortical SD evoked by OGD. SD was evoked by continuous exposure to OGD solution (0% O, and 2 mM glucose). The latency to SD onset was shorter (H) and the

propagation rate was faster (/) in slices from RQ mutant mice. WT, 16 slices from 4 mice; RQ, 23 slices from 5 mice. Bar graph, mean + standard deviation.

eventually led to a second terminal brainstem SD in the mouse (Fig.
2C). As seen previously in other SUDEP mouse models (11), the
onset of the cardiac arrhythmias occurred within 1 min after the
brainstem SD event. Although the lack of systemic physiological
monitoring of oxygen saturation and blood pressure during these re-
cordings is a potential caveat, these results indicate that the RQ mouse
is highly susceptible to seizure-induced lethality, likely due to hypoxia/
hypoxemia resulting from peri-ictal cardiorespiratory instability and a
lower threshold for SD within the central autonomic microcircuitry.

Lower Threshold of Cortical SD in Intact and Isolated RQ Mutant
Mouse Brain. We directly examined whether the SD threshold is
lower in RQ mutant mouse brain using three independent
methods of triggering this event. The SD threshold was first
characterized in adult RQ mutant mouse cortex in vivo. Cortical
SD events were evoked in lightly urethane-anesthetized mouse
cortex by topical application of a pledget soaked in 0.5 M KCl,
and DC recordings were made in the first hour from a pair of silver
surface electrodes. RQ mutant mice showed a significantly shorter
interevent interval of spontaneous recurrent SD waves compared
with WT control mice (WT, 8.1 + 3.0 min; RQ, 54 + 1.1 min;n =7,
P = 0.018), indicating a lower regenerative SD threshold (Fig. 3B).
Accordingly, SD frequency was also increased in the RQ mouse
cortex (WT, 7.5 + 1.8 SD per hour; RQ, 104 + 2.0 SD per hour;
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P = 0.016). The propagation velocity of the SD wave front was also
increased in the mutant cortex to 148% of control value (WT, 4.3 +
1.1 mm/min; RQ, 6.4 + 2.1 mm/min; n = 7 each, P = 0.026) (Fig. 3C).

The potassium-evoked cortical SD threshold was also examined
ex vivo in acutely prepared somatosensory cortical slices main-
tained in vitro. SD was evoked by repeated focal pressure micro-
injection of KCl (1 M, 30 psi) in layer II/IIL, and the ejection pulse
was incrementally prolonged until an SD was triggered. SD was
optically detected in slices by a change in light transmission (in-
trinsic optical signal, IOS) that is associated with a large negative
DC potential shift (Fig. 3 D and G). The traveling I0S in layer
II/IIT typically preceded the IOS spreading across other cortical
layers, as described in an earlier study (32). The duration of ex-
tracellular KCl pulses required for SD generation was somewhat
shorter (42% of control) in the mutant than in WT control slices
(WT, 204 + 200 ms; RQ, 86 + 53 ms; n = 14, P = 0.049; Fig. 3E).
The propagation velocity of KCl-evoked SDs was also significantly
increased in RQ mice (138% of control; WT, 2.9 + 0.8 mm/min;
RQ, 3.8 + 0.6 mm/min; n = 14, P = 0.0049) (Fig. 3F).

Cortical SD was also characterized in an oxygen/glucose depri-
vation (OGD) model (95% N, and glucose 5 mM). Exposure to
OGD bath solutions reliably triggered SD in all RQ mutant slices,
whereas SD either did not occur or propagation was extremely slow in
38% (6 of 16) of WT slices. The latency to OGD SD appearance was
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Fig. 4. Characterization of seizure-like activities and SD in vitro. Representa-
tive traces from WT (A) and RQ mutant cortical slices (B) exposed to Mg®*-free
ACSF solution. High pass-filtered recording (Top) and DC components (Bottom)
from the same recordings are presented. Arrowheads indicate spontaneous
seizure-like activity (Top) and SD (Bottom). The number of SD events was greater
in RQ mutant than +/+ slices (C), whereas the numbers (D) and durations (E) of
seizure events were not different. For each genotype, 10 slices from 3 mice were
used. Bar graph, mean =+ standard deviation.

significantly shorter (WT, 9.7 + 3.8 mm/min; RQ, 6.3 + 2.8 mm/min;
n = 16 and 23, respectively, P = 0.0058), and the propagation ve-
locity was faster in RQ slices (WT, 2.5 + 2.1 mm/min; RQ, 5.3 + 2.5
mm/min; n = 16 and 23, respectively, P = 0.0019) (Fig. 3 H and I).

Lastly, we examined SD threshold dynamics using a third
method by superfusing slices with nominally Mg**-free solution.
Exposure to Mg?*-free solution triggered waves of SD preceded
in all cases by brief seizure-like activity (Fig. 4 A and B). Consistent
with the other two models, the number of recurrent SD events was
significantly increased in RQ mutant mice (Fig. 4C). On the other
hand, the number and duration of seizure-like discharges were not
different between WT and RQ slices (Fig. 4 D and E). Taken to-
gether, these data provide consistent evidence that the leaky RyR2
mutation significantly facilitates SD generation in mouse cortex
without a large effect on the fast epileptiform synchronization in
Mg**-free cortical synaptic networks.

Increased Excitatory Postsynaptic Currents in Leaky RyR2 Layer II/lll
Neurons. To further characterize these findings at the cellular level,
we measured the intrinsic membrane excitability of RQ cortical
neurons in vitro. Layer II/III neurons were chosen because SD
preferentially propagates in superficial rather than deeper cortical
layers, and RyR2 mRNA expression in neocortex is highest in these
neurons (Allan Mouse Brain Atlas). Whole-cell recordings were
made from visually identified pyramidal neurons, and their intrinsic
excitability was determined. We detected a significant increase in
the slow after-hyperpolarization (AHP) following an evoked action
potential train in mutant versus WT neurons (Fig. 5 4 and E), a
parameter known to be sensitive to RyR inhibition (33). However,
we found no differences in resting membrane potential, resistance,
or action potential frequency to injected depolarizing currents in
these cells (Fig. 5 B-D). These data suggest that intrinsic neuronal
excitability per se is unlikely to contribute to the lowered SD
threshold and abnormal cortical EEG in the RQ mutant.

We next examined synaptic events in these layers. Layer II/IIT
pyramidal neurons were voltage clamped at 70 mV to detect
spontaneous excitatory postsynaptic currents (SEPSCs). The RQ
mutation did not affect sSEPSC frequency (WT, 10.9 + 5.0 Hz; RQ,
12.6 + 5.2 Hz; P = 0.33, n = 16 each) or amplitude (WT, 8.2 +
33 pA; RQ, 7.8 = 1.9 pA; P = 0.74, n = 16). However, signifi-
cant differences in synaptic release were seen when miniature
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(mEPSC) synaptic events were isolated by 1 pM TTX added to the
bath solution. In these experiments, the mean mEPSC amplitude
was significantly larger (125% of control) in RQ mutant mice
compared with WT control cells (Fig. 6 A, C, and D). Mean
mEPSC frequency did not differ between genotypes (Fig. 6B). We
also characterized inhibitory postsynaptic currents (IPSCs) from
the same neurons by voltage-clamp recording at 0 mV. Similar to
SEPSCs, the sIPSCs did not show any differences in mean fre-
quency (WT, 11.8 + 4.6 Hz; RQ, 153 + 7.6 Hz; P =0.13,n = 12
and 18, respectively). Unlike the mEPSCs, no differences were
seen in the mean amplitudes of mutant mIPSCs (WT, 10.2 +
2.4 pA; RQ, 10.7 + 4.1 pA; P =0.13, n = 12 and 18, respectively;
Fig. 6 E-H). These results indicate a selective facilitating effect of
leaky RYR2 on cortical excitatory synapses with a change in
excitatory-inhibitory balance at the synaptic level, shifting the
network toward increased excitability in the RQ mutant.

The mutant RQ effect on excitatory synaptic transmission was
further characterized by examining the paired pulse ratio (PPR), a
measure of residual presynaptic intracellular calcium level, of
evoked EPSCs triggered by bipolar stimulation of cortical layer
IV. In RQ mutant pyramidal neurons, PPR was significantly re-
duced and less variable than in WT neurons (ratio of P2/P1; WT,
1.35 + 0.43; RQ, 0.97 + 0.18; n = 12 and 18, respectively; Fig. 7.4
and B). There was an outlier in the WT, which did not affect the

A
‘ 40mV
500ms
A

Slow After Hyperpolarization (sAHP)

B p=0.70
. =0.27 ;
__ 250 p 1007
S 200 ° $.801 ogro o1
g o©° o E 'ad®
] 150+ 52 od o E %-60-
s 1001 P = ? = -40
3 504 ° © 2 .20
£ o0 . . 2 0 . .
WT RQ/+ WT  RQ/+
E p=0.0085
D 15 8
z -6 2
=10 o~
2 S < T 4 I
o € 0w = °
<g 5 2]
g 0 >
0 o LBl | °
0 100 200 WT RQ/+

Current injection (pA)
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tials evoked by a rectangular pulse (+200 pA, 500 ms) and consequently slow
AHP. There were no differences in input resistance (B), resting potential (C), or
the number of evoked action potentials by a series of current injections (50 pA
increment) (D). The maximal amplitude of the slow phase of AHP (sAHP) was
significantly larger in RQ mutant than +/+ neurons (E). Ten and eight slices from
three WT and RQ mice were used. All graphs, mean + standard deviation.
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(A) Representative trace of mEPSCs. An asterisk indicates a detected event.
(B) There was no genotypic difference in mEPSC frequency, however in C the
mean mEPSC amplitude was significantly larger in the RQ mutant. (D) Mean
cumulative histogram of mEPSC amplitude distribution from WT and RQ mu-
tant mice (P < 0.05, Kolmogorov-Smirnov test). (E) Representative trace of
mIPSC recording. There were no differences in mean IPSC frequency (F) or
amplitude (G). (H) Mean cumulative histogram of mIPSC amplitudes shows no
difference in the distribution between genotypes. WT, 13 neurons from three
mice; RQ, 14 neurons from three mice. Bar graph, mean + standard deviation.

significance level. This result suggests an increased probability of
evoked presynaptic glutamate release due to leaky ryanodine re-
ceptors at excitatory mutant synapses. These results collectively
indicate that the leaky RyR2 mutation selectively strengthens re-
lease at excitatory synapses in layer II/III neurons, contributing to
enhanced excitability of RQ mutant cortical networks.

RQ Mutation Reduces the Threshold for Brainstem SD and Postictal
Survival in RyR2 Mutant Mice. We next examined whether the leaky
RyR2 mutation also modifies SD threshold in cardiorespiratory
control regions of brainstem slices prepared from juvenile WT
and RQ mice. SD was triggered by exposure to OGD solution
(0% O4/5 mM glucose) and was detected in both genotypes as a
slow propagating wave of enhanced IOS in these slices (Fig. 8 4
and B and Movie S1). The enhanced 10S signal always appeared
first along the lateral margins of the nucleus tractus solitarius
(NTS) and subsequently invaded throughout the dorsal vagal
nuclear complex. The mean latencies to SD generation following
OGD exposure, an indirect measure of SD threshold, were sig-
nificantly shorter in slices prepared from RQ mice than control
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(55% of control; WT, 8.7 + 3.3 min; RQ, 4.9 + 1.6 min; n = 11
and 14 respectively; P = 0.001; Fig. 8C).

Excitatory synapses of dorsal motor vagal (DMV) neurons were
also characterized (Fig. 8 D-F). Similar to cortical pyramidal
neurons, mEPSC amplitude was significantly increased in the RQ
mutant mice (34% increase; WT, 12.5 + 4.3 Hz; RQ, 16.8 + 4.0
Hz; n = 18, P = 0.004), whereas the mean frequency was un-
changed (WT, 7.1 £ 5.8 Hz; RQ, 7.2 + 4.8 Hz; n = 18, P = 0.96).
Similar experiments were performed in the NTS, however basal
synaptic release events were highly variable between recorded cells
and were not further analyzed.

These in vitro results indicate that the leaky RyR2 mutation
contributes to a lower SD threshold in cardioregulatory brain-
stem microcircuitry and that the central autonomic system in this
mutant mouse is more vulnerable to hypoxic stress. Elevated
release at excitatory synapses in the dorsal vagal complex also
likely contributed to episodes of spontaneous bradycardia and
seizure-induced death in RQ mutants (Figs. 1 and 2).

Discussion

The major translational finding of this study is that a human
leaky RyR2 mutation found in cardiac disease and SUDEP cases
lowers SD threshold in the brain and increases susceptibility to
seizure-induced death in a knock-in mouse model, strongly im-
plicating a brainstem central autonomic mechanism contributing
to what has been considered primary myocardial failure and
sudden death in human cases bearing this cardiac arrhythmia
mutation. Over 150 RyR2 mutations have been identified in
human CPVT1 cases, one of several calcium channelopathies un-
derlying cardiac arrhythmias (34). We evaluated the RQ model for
the presence of an epileptic phenotype, as epilepsy is an independent
risk factor for sudden cardiac death (35, 36). We found that mice
bearing this mutation had strong evidence of cortical hyperexcit-
ability in the form of frequent interictal cortical EEG spike dis-
charges, a neurophysiological biomarker of epilepsy. Spontaneous
seizures, although detected, were rare in this model, possibly owing
to the enhancement of membrane AHP detected in excitatory
neurons, which serves as a brake for recurrent discharge activity and
aberrant fast cortical synchronization. If present in humans, this
feature may explain the relative lack of an epilepsy phenotype in
clinical cases of leaky RYR2 identified with syncopy and other
cardiac manifestations. Nevertheless, high-resolution genomic anal-
yses are beginning to reveal abnormalities in genomic architectures
of epilepsy and SUDEP victims, including mutations in RYR2 (29),
and leaky RYR mutations are common to both clinical populations.
Because SD also contributes to the pathophysiology of other neu-
rological disorders, including migraine with aura and delayed
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Fig. 7. Enhanced evoked presynaptic release properties at RQ cortical syn-

apses. Shown is the PPR of evoked EPSCs in layer Il/lll pyramidal neurons from
the somatosensory cortex. Pairs of evoked EPSCs (100 ms interpulse interval)
were triggered following a membrane seal test. Representative traces (A) and
bar graphs are shown (B). PPR was significantly smaller in the RQ mutant than
in WT control neurons, suggesting that presynaptic glutamate initial release
probability is increased at RQ mutant synapses. WT, 14 neurons from 4 mice;
RQ, 18 neurons from 5 mice. Bar graph, mean + standard deviation.
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Fig. 8. Lowered SD threshold in dorsal vagal complex of the RQ mutant brain-
stem. (A-C) Characterization of SD generated in dorsal medulla in vitro. Brainstem
slices containing the dorsal vagal complex were exposed to OGD solution (0% O,
5 mM glucose), and SD was detected by monitoring intrinsic light transmission
signals in the region of interest (ROI) positioned in the lateral NTS (A and B). A raw
image of an acute brainstem slice (Left large) and a sequence of ratio images
showing spreading light transmission changes following OGD exposure (Right). The
latency to SD onset was significantly shorter in the RQ mutant (C). WT, 11 slices
from 4 mice; RQ, 15 slices from 5 mice. (D-f) Characterization of mEPSC in dor-
somotor vagal (DMV) neurons. (D) Representative trace of mEPSCs recorded from a
DMV neuron. The mean amplitude was significantly larger in RQ mutant neurons
(E), whereas the mean frequency did not differ (F). WT, 18 neurons from 4 mice;
RQ, 18 neurons from 4 mice. Bar graph, mean + standard deviation.

progression of ischemic brain injury (10, 37), the presence of
leaky RyR2 mutations may also contribute to the neurological
consequences of related cerebrovascular disorders.

Variable Severity of Calcium Homeostasis Phenotype in Mouse SUDEP
Models. SD and calcium homeosta51s have been extensively
studied in voltage-gated P/Q-type Ca** channel mutations, where a
gain-of-function results in a several-fold decrease in cortical SD
threshold. The degree of facilitation of the SD phenotype in RQ
mutants detected here is somewhat smaller than that found in
one of the PQ channel mutants, R192Q, where SD propagation
was greatly enhanced and SD propagated into subcortical struc-
tures (38). These mutant mice also had spontaneous seizures and
shorter survival than the RQ mutant mice studied here. The vari-
ance may reflect the different roles of these genes in calcium ion
homeostasis and may also depend on the specific mutations and
the inbred genetic backgrounds studied. Over 150 RYR2 gene
polymorphisms have been linked to CPVT (34, 39), and the se-
verity of the human arrhythmias differs. The phenotype of the RQ
mutant mice studied here shows a milder cortical excitability
phenotype than that identified in a different leaky mutation
(R2474S) from a CPVT patient; that mutant mouse showed
spontaneous cortical seizures, unlike most RQ mutants in the
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present study (28). The clinical phenotypic spectrum is also
broad, and in one human study cohort, leaky RyR2 mutations
were detected in 15% of fully asymptomatic individuals (31).

RQ Mutation Selectively Enhances Excitatory Synaptic Transmission.
The RYR2 mechanism operating at excitatory synapses has been
previously explored. Calcium-induced calcium release from in-
ternal stores contributes to Ca?* transients imaged in hippo-
campal axon terminals and underlies both spontaneous release
and paired-pulse facilitation of EPSPs (40). RQ channels have
leaky biophysical properties that increase and prolong Ca** re-
lease from intracellular stores (19), thereby modulating Ca**
handling at presynaptic release sites. The enhanced mEPSC
amplitude in the RQ mutant was also consistent with the effects
of the RyR2 agonist, caffeine, on the same synapse in WT mice
(24). We found that initial release probability at RQ mouse
layer II/IIT excitatory cortical synapses was elevated, as revealed
by mEPSC analysis and reduced PPR of evoked EPSCs. The re-
duction in PPR is somewhat unexpected, as a previous study showed
that pharmacological RyR inhibition decreases the amplitude of the
second postsynaptic response (40). Because RYR2 inhibition was
reported to rescue leaky RYR2-related hyperexcitability when ad-
ministered chronically (28), this response might be explained by
downstream postnatal developmental changes in synaptic plasticity
due to early effects the mutation has on intracellular Ca®>* homeo-
stasis (41, 42) and will require additional exploration.

We found that SD is significantly potentiated by a leaky RQ
ryanodine receptor, and the enhanced excitatory but not inhibitory
synaptic transmission likely contributes to this effect. A similar
selective enhancement at cortical excitatory but not inhibitory
synapses along with a lower SD threshold was noted in the gain-of-
function mutation (R192Q) of the P/Q channel calcium gene
Cacnala (15). Interestingly, selective sparing of IPSCs was also
observed in the P/Q calcium channel mutation model, and one
suggestion to explain this selectivity is that release probability is
already high in GABAergic nerve terminals, masking further fa-
cilitation by the transgene (15). Because RyRs have a significant
contribution to release probability (25), this possibility could equally
explain the absence of IPSC potentiation in RQ mice.

Additional mechanisms can be considered. Intracellular Ca**
release by RyRs contributes to NMDAR-dependent long-term
postsynaptlc potentiation (43, 44). Importantly, the postsynaptic
Ca”* release by RyRs was seen only during early development
(<P20), and the leaky RyR2 may contribute to establishment of
abnormal synaptic strength during this critical period. RyRs are
also present in astrocytes, and altered glial intracellular calcium
signaling might contribute to the SD phenotype of RQ mouse brain
(45). Along with synaptic effects, we found that the RQ mutation
significantly increased postspike AHP in cortical neurons. In the
absence of increased GABA release, enhancement of the late AHP
is likely due to increased activation of Ca**-sensitive potassium
(SK) channels (46). Increased neuronal AHP limits repetitive high-
frequency firing and might explain why seizures are rare in the RQ
mouse. Although the mechanism for this selectivity of excitatory
over inhibitory synapses in both mutants is unclear, our study con-
firms that, regardless of the underlying molecular mechanism, en-
hanced presynaptic transmitter release due to intracellular calcium
elevation at excitatory synapses facilitates SD propagation.

RyR2 Regulates Brainstem Parasympathetic Drive. Most cases of
sudden cardiac death in CPVT are considered to be due to
ventricular tachycardia/fibrillation driven by sympathetic stimu-
lation (47). Paradoxically, many patients show sinus bradycardia
at rest (22, 48-50), and not a small fraction of death is related to
AV block and bradycardia (51). The RQ mouse showed this
bradycardia phenotype (Fig. 1), and other mouse SUDEP models
also exhibit interictal spontaneous bradycardia and postictal death
associated with bradycardia (4, 5). In these models, seizure-induced
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death could be prevented by the parasympathetic blocker atropine,
and the same treatment has also been effective for CPVT mice and
human cases (52). Our data indicate that RyR2 facilitates pre-
synaptic glutamate release in central parasympathetic dorsomotor
vagal neurons. The involvement of RyR channels in this central
autonomic microcircuit was previously demonstrated using RyR
modulators to modify the excitability of dorsal premotor vagal
neurons (53) and the sensory afferent vagal nerve inputs terminat-
ing in the NTS (54, 55). Thus, abnormal hyperexcitability of the
central excitatory input to the dorsal vagal brainstem microcircuit
may contribute to episodic interictal bradycardia as well as depress
cardiac function during seizures. We suggest that, through still un-
explained molecular remodeling in the brainstem, the RYR2 defect
might also increase susceptibility of the dorsal vagal complex to
hypoxic depolarization and sudden death.

The RQ mouse model provides additional evidence support-
ing the pathophysiological role of a brainstem mechanism con-
tributing to death that has been recently associated with two
“epileptic” membrane ion channel gene mutations underlying
SUDERP. Although the specific mouse model studied here does
not display a severe spontaneous seizure phenotype by itself, the
coexistence of leaky RYR2 mutations with other genes that
enhance epilepsy or cardiac arrhythmia (29) establish RYR2 as a
strong additional genetic candidate for sudden death risk.

Materials and Methods

Animals. All animal research was approved and performed in accordance with
Baylor College of Medicine Institutional Animal Care and Use Committee
guidelines and regulations.

The R176Q mice were generated as described previously (21) and main-
tained on the C57BL/6J genetic background. Mice were kept on a 12 h light/
dark cycle. Both male and female 4-8-wk-old adult mice were used for the
experiments on cortical excitability, and juvenile (P18-P25) mice were used
for brainstem studies. The numbers of animals and their ages in each study
are described in the figure legends.

Mouse tail clips were digested in Direct PCR reagents (Viagen Biotech), and
the lysates were used for genotyping. The genotype was determined by the
PCR method using a pair of primers (F, CAAGATGAGATCATCTCCAACTT; R,
CACAGGGACTGTGGATAGGCC) with a thermal cycle: preheating by 95 °C for
2 min, 35 cycles of 95 °C for 30 s, 62.5 °C for 1 min, 72 °C for 2 min, followed
by 72 °C for 5 min. PCR products were separated in 2% (wt/vol) agarose gel
by electrophoresis and analyzed.

Video EEG and EKG. Mice were anesthetized with Avertin, and six cranial burr
holes were created. Four silver-wire recording EEG leads were implanted
bilaterally over frontal and posterior somatosensory cortex, and two reference
electrodes were placed over the olfactory bulbs (1 mm rostral, 1 mm lateral from
bregma). The electrocardiogram was recorded with a pair of leads sutured to the
inner back muscles at the latissimus level. Mice were allowed to recover for at least
7 d after EEG surgery. EEG and EKG signals were acquired at 0.2 kHz and 2 kHz,
respectively, and were amplified and analyzed using a Stellate Harmonie EEG
system (Natus Medical Incorporated). Video was recorded throughout the moni-
toring. A cortical interictal spike was defined as sharp EEG deflection (>0.5 mV)
appearing simultaneously in at least two EEG channels.

In Vitro Slice Electrophysiology. Slices were prepared as described previously
(56). For genotype comparisons, slices from WT and mutant mice were
prepared for study on the same day and pooled to conceal those carrying
the mutant RQ allele. The genotypes were later unblinded by PCR methods
(see Animals) after completion of the data analyses. Slices were transferred
to the recording chamber (RC-27, Warner Instruments), superfused with
artificial cerebrospinal fluid (ACSF; in mM: 126 NaCl, 3 KCl, 1.25 Na,HPO,, 26
NaHCOs, 0.4 ascorbic acid, 10 glucose, equilibrated with 95% 0,/5% CO,) at
3 mm/min and 33 °C.

SD thresholds were tested on randomly chosen slices prepared from WT
and RQ mice on the same day. Slices were visualized with an upright mi-
croscope (BX51Wi, Olympus) equipped with a xenon light with differential
inference contrast filters. SD was evoked by three different methods: For
K-SD, a 1 M KCI microejection pipette was placed at the slice surface. The KCl
microinjection was started with a 10-ms pulse (constant 40 psi), and the
ejection duration was incrementally escalated up to 500 ms (10, 20, 50, 100,
300, and 500 ms) every 3 min. OGD-SD was induced by exposure to ACSF
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with reduced glucose (2 mM glucose/8 mM sucrose or 5 mM glucose/5 mM
sucrose) and saturated by nitrogen (95% N,/5% CO;). In an experiment
where SD was not detected within 22 min of the OGD challenge, data are
presented as SD onset of 22 min and propagation of 0 mm/min. SD was also
triggered by exposure to nominally Mg**-free ACSF (0 mM MgS0,). Mg?*
removal evoked spontaneous spikes, seizure-like activities, and SD in the
somatosensory cortical field (see Fig. 2D). In all experiments, SD was ana-
lyzed by DC electrical recordings with a glass microelectrode and/or bright
field image acquired with a CCD camera (DMK22AU) at 1.0-0.2 Hz. SD was
detected as a slowly traveling enhanced bright band (I0S). SD onset was
determined by the first appearance of enhanced IOS signal in the imaging
window, and propagation rate was calculated based on the distance of the
10S signal wave front from the initial site obtained from two to four
consecutive images.

Whole-cell clamp recordings were made from visually identified pyramidal
neurons in cortical layer I/l Intrinsic excitability was characterized in current
clamp using patch pipettes containing a potassium gluconate-based solution
(in mM: 135 potassium gluconate, 10 Hepes, 8 sodium chloride, 0.05 EGTA,
2 ATP, 0.3 GTP, pH adjusted with potassium hydroxide). After bridge balance
adjustment, membrane voltage was adjusted to ~65 mV, and membrane
properties were tested by injection of a test pulse (from —200 pA to 200 pA,
40 pA increments, 500 ms).

For voltage clamp recordings, pipettes were filled with a cesium-based
internal solution [in mM: 115 cesium gluconate, 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes), 10 1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid, 5 tetraethylammonium, 5 QX314, 2 ATP, 0.3 GTP,
pH adjusted to 7.2 with cesium hydroxide). Recordings with a whole-cell ca-
pacitance within 80-150 pF and series resistance between 20 and 25 MQ were
analyzed. mEPSCs and mIPSCs were isolated by bath application of 1 uM tetro-
dotoxin (TTX) and sampled for >1,000 events (typically 3-5 min) at =70 mV and
10 mV, respectively, after a correction of 10 mV liquid junction potential. The
mEPSCs and mIPSCs were analyzed using minianalysis software (Synaptosoft)
with detection thresholds of 3 pA and 5 pA, respectively. For the analysis of
mEPSC in dorsomotor vagal neurons, a 5-pA threshold was used. EPSCs were also
evoked with a bipolar electrode (stimulus intensity ~70% maximum) placed
perpendicularly in the deep layer (V and VI) in the absence of any inhibitors. At
least 10 traces were recorded from each cell, and the peak amplitude was used
for analysis. No series resistance compensation was applied.

In Vivo Electrophysiology. Mice were anesthetized with urethane (1.5 mg/kg,
intraperitoneal), and body temperature was maintained with a closed-loop
heat blanket (Harvard Apparatus). Two skull areas (~0.75 mm diameter,
thinned until the lower cranial plate was visible) were created using a dental
drill, and silver ball electrodes (0.5 mm diameter, spaced by 1 mm) were
implanted and glued. A craniotomy (1 mm diameter) was made >1 mm
caudal from the posterior recording electrode and covered with saline-
soaked gelfoam until recordings began. Experiments were performed fol-
lowing the recovery of normal EEG activity. SD was elicited by topical ap-
plication of a gelfoam pledget soaked with 0.5 M KCl at the craniotomy site,
and recordings were made for 1 h. SD onset was determined as a DC de-
flection >—1 mV/min, and propagation rate was calculated based on the
temporal difference of SD detection between the two recording electrodes.
Propagation rate was calculated only for the first SD to avoid contamination
by the run-down effect from repetitive tissue depolarization (57). Cortical
EEG, EKG, brainstem DC, and respiratory signals were recorded as described
previously (11). After recovery from surgery, mice showed heart rates >550 bpm
and respiration rates between 1 and 2 Hz. Seizures were evoked by topical ap-
plication of 4AP (100 mM) to the cranial window.

Drugs. TTX citrate salt was purchased from Tocris. TTX was dissolved in water, and
a 10 mM stock solution was kept at —20 °C. Other reagents were also purchased
from Sigma.

Statistics. Statistical tests were performed by nonparametric Mann-Whitney
U test or Dunn’s rank sum comparison, unless otherwise described in the
text. Data are presented as means with standard deviation. Individual data
points are displayed. A P value <0.05 was considered statistically significant.
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