bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Disordered breathing in a mouse model of Dravet syndrome
Fu-Shan Kuo, Joseph L. LoTurco, Xinnian Chen, DaRieMulkey

Dept. of Physiology and Neurobiology, Univ. of Ceweticut, Storrs, CT 06269.

Abbreviated Title: loss ofSCN1a function disrupts brainstem respiratory control

Keywords. SCNla missense mutation, retrotrapezoid nucleus, brmstchemoreception,
SUDEP

Number of words Abstract: 150
Number of words Main text: 4266
Number of figures: 6
Number of references: 45

Address of Corresponding Author:
Daniel K. Mulkey

Dept. Physiology and Neurobiology
University of Connecticut

75 N. Eagleville Rd. U-3156

Storrs, CT 06269

Email: daniel.mulkey@uconn.edu
Phone: 860-486-5700

Fax: 860-486-3303



https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

ABSTRACT
Dravet syndrome (DS) is a form of epilepsy withighhincidence of sudden unexpected death in
epilepsy (SUDEP). Respiratory failure is a leadiagse of SUDEP, and DS patients’ frequently
exhibit disordered breathing. Despite this, medrma underlying respiratory dysfunction in DS
are entirely unknown. We found that mice expressnrecurrenSCN1a missense mutation

(A1783V) conditionally in inhibitory neuronsSCN1a*"®V*: mixed C57B/6 background)

exhibit spontaneous seizures, die prematurely aeskept a respiratory phenotype similar to DS
patients including hypoventilation, apnea and aimished ventilatory response to &OAt the
cellular level in the retrotrapezoid nucleus (RTNWE found inhibitory neurons expressing the
SCN1la A1783V variant are less excitable, whereas chensi®ee RTN neurons, which are a
key source of the CgH'-dependent drive to breathe, are hyper-excitableslices from

SCN14Y®" mice. These results show loss 8ENla function can disrupt brainstem

respiratory control including at the level of th& R
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Dravet syndrome DS (aka. severe myoclonic epilesgfancy) is a severe form of early-onset
epilepsy that is resistant to anti-epileptic dragsl has a high incidence of sudden unexpected
death in epilepsy (SUDEP) (Kalume 2013; Kearney32@hmuelyet al. 2016). The cause of
death in DS patients is thought to involve seizathiced parasympathetic suppression of
cardiac activity (Kearney 2013; Kalunet al. 2013; Gataullina and Dulac 2017). However,
recent evidence suggests that respiratory dystamcintributes to SUDEP associated with DS,
as patients exhibit breathing problems includingpdwentilation and apnea prior to the
manifestation of bradycardia, a slower than norheart rate (Kimet al., 2018). Patients with
DS also exhibit a blunted ventilatory response @ (Kim et al., 2018). This finding suggests
that respiratory dysfunction, possibly at the lewgélrespiratory chemoreceptors (neurons that
regulate breathing in response to changes in ti€&#H"), contributes to the pathology of DS.
Despite this, mechanisms underlying respiratoryfudygion in DS or epilepsy in general are
entirely unknown. Leading hypothesis propose faiture activity disrupts respiratory control
by a feed-forward mechanisms involving spreadingotiization (Aiba and Noebels 2015) or
activation of inhibitory subcortical projections bwainstem respiratory centers (Dlouéty al.,
2015; Lacueyet al., 2017);however, a yet unexplored additional possibilitythat epilepsy-
associated mutations may directly affect brainsteapiratory centers and serve as a common

substrate for both seizure and respiratory dysfanct

Most DS cases (70-95%) are caused by mutationkar8ENla gene (MIM#182389), which

encodes the pore-forming subunit of a voltage-ghta&dchannel (Navl.1) (Meisler and Kearney
2005; Fujiwara 2006; Catterall et al. 2010; Akiyastaal. 2012). Approximately 700 different
SCNla mutations have been identified in DS patients, rtfegority of which are missense or

frameshift mutations that result in loss of funati@arihar and Ganesh 2013). Consistent with
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this, conventionaBCN1la knockout mouse models (in a mixed C57B/6 backgidpuecapitulate
characteristic features of DS, including motor peais, seizures and premature death, in a
remarkably titratable manner. For example, homoaggSCN1la knockout mice develop ataxia
and die at 15 days postnatal, whereas heterozygGikla deficient mice show seizure activity
and early mortality starting at 3 weeks of age @tual., 2006; Ogiwara et al.,, 2007). The
cellular basis for many features of DS includingsees and premature death appears to involve
disinhibition, as global deletion 3CN1la suppresses activity of inhibitory but not excitsto
neurons in the cortex and hippocampus (Yu et ad62M@utton et al. 2013), and conditional
deletion of SCN1a from forebrain inhibitory neurons results in a D& phenotype similar to
global SCN1a deletion (Cheah et al. 2012). For these reasunst studies have used global or
inhibitory neuron-specifiS@CNla deletions to model DS (Catterall WA. 2012), widwfstudies
focusing on other high-priority genetic risk factolike SCNla missense mutations, which
represent ~40% of DS-associated mutations (Depietia, 2009; Parihar and Ganesh 2013).
Thus, the extent to which expressionSaiNla loss-of-function mutations recapitulate features
of DS remains unclear. Furthermore, despite thigality associated with SCNla mutations,

nothing is known regarding how loss$EN1a affects brainstem respiratory centers.

The main goal of this study was to provide thetfistailed characterization of breathing in a
SCN1la missense mutation mouse model of DS. We ledd®S by expressing a loss-of-
function missense mutation (A1783V) conditionally inhibitory neurons (referred to as
SCN1a™ "8V mice). The A1783V variant is a recurrent DS miota{Marini et al. 2007, Lossin

2009, Klassen et al. 2014) predicted to resulbss lof function by increasing Navl.1 voltage-
dependent inactivation. Consistent with other D&lets (Yu et al. 2006; Kalume et al. 2013;

Kim et al. 2018), we found th&CN1a*"®*"* mice exhibited spontaneous seizure activity and
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premature death starting at ~2 weeks of age, comigthis is a model of SUDEP in DS. At this

same developmental time poi@CN1a* 83V

mice hypoventilated, exhibited frequent apneas
under baseline conditions and showed a reducedateny response to CQthus recapitulating
the respiratory phenotype exhibited by DS pati€¢kim et al. 2018). At the cellular level in a
key brainstem respiratory chemoreceptor region knaw/the retrotrapezoid nucleus (RTN), we
found that inhibitory neurons expressing A1783V whtess spontaneous activity and a
diminished ability to maintain firing during sustad depolarization. This is consistent with the
possibility that A1783V increases Navl.1l channattivation. Also consistent with a brainstem
disinhibition mechanism, we found that basal attiand CQ/H’-sensitivity of excitatory

1783VI* mice. These results

chemosensitive RTN neurons was enhanced in slicas $CN1a"
show that RTN chemoreceptor function is alteredhis DS model and may contribute to

premature death.

RESULTS
SCN1a*®V"" mice have spontaneous seizures and die prematurely

We first sought to determine whether inhibitory rems from SCN1& "V

mice express
SCN1a channel transcript. We prepared brainstetioss containing the RTN from control and
SCN1&""®Y" mice (15 days old) for subsequent fluoresdersitu hybridization using probes
for 1) SCNla, which does not distinguish SCN1la channel varja@ds vesicular GABA
transporter (VGAT) to identify GABAergic and gly@rgic inhibitory neurons; and 3) vesicular
glutamate transporter 2 (VGLUT2) to identify extiiy glutamatergic neurons, including
chemo-sensitive RTN neurons. We labeled all catllei with DAPI. Inhibitory VGAT cells

were present in the RTN region and were in closipity to excitatory VGLUTZ neurons

(i.e., putative RTN chemoreceptors). Both genatypleowed similar relative distributions of
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VGAT+ cells (T;72= 0.142, p = 0.88). We also observed numeroushbflgorescent puncta,
which corresponded to SCN1a transcript in the sofM&GAT+ cells and, to a lesser extent, in
VGLUT2+ cells in slices from control mice {k; = 24.07, p < 0.0001). In slices from
SCN14Y®Y"™ mice, we found a modest reduction in SCN1a trapisin VGAT+ but not
VGLUT2+ cells (R 321= 24.07, p < 0.05; see Figures 1E-F). This resudfgests this mutation
may compromise channel expression. In a sepaxptxieent to validate cell-type-specific Cre
expression, we crossed VGATcre mice with a RoE428*°reporter line and found that all tdT-
labeled cells expressed VGAT, but not VGLUT2, mR#t shown). These results suggest

inhibitory neurons from SCN£&®3V*

mice express SCNla transcript, albeit at modestly
reduced levels. Therefore, given that heterozygimlstion mutations can give rise to severe
forms of DS (Yu et al. 2006, Miller et al. 2014)evexpected SCNEH®V"" mice to exhibit a
mild epilepsy-like phenotype. Contrary to this eggtion, SCN1&"®*V"* mice exhibited a
severe SUDEP-like phenotype. SCRYEY* mice were born in the expected ratios, were
viable, and by ~15 days postnatal, were similarerms of body weight (5= 1.62, p = 0.11)
and temperature ¢§=0.77, p = 0.44) as their SCNTalittermates (Figures 1A-C). However,
SCN14Y®Y"™" pups showed seizure-like behavior by ~2 weeks of @gble 1). More
specifically, based on the Racine seizure-behadoring paradigm, only 22.7% of control mice
(N = 22) showed seizure-like behavior, which maimignifested as head-bobbing (category 1).
By contrast, 77.3% of SCNAH®®*V mice (N = 22) showed severe seizure behavior, dct
forelimb tremor (category 3), rearing alone (catgg® or in conjunction with falling over, and
full-body tonicclonic seizure (category 5). Unlike control anisjadeveral of the mutant mice
exhibited behavioral arrest that we consider tabsence seizure-like activity. In conjunction

83V

with seizure-like behavior, SCNY mice also started dying unexpectedly, reaching 100%

lethality by 23 days postnatal (Figure 1D).
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To determine whether SCNY&®Y" mice exhibit abnormal brain activity, we obtained
electrocorticogram (ECoG) recordings from contnodl SCN14*"%V* mice. We allowed mice

12 hours to recover after implanting them with E®@oG head stage. We continuously recorded
ECoGs over a two-hour period, between the hour8:@ AM — 2:00 PM. Consistent with
frequent polyspike activity observed in the ECo€ordings of DS patients (Bender et al., 2012),
SCN14Y®Y"™" mice showed spontaneous high-amplitude spike-wasehadrges (SWD) that
occurred at a frequency of 0.37 + 0.05/minyE 3.009, p < 0.01) and had an average duration of
12.4 + 5.5 s (Figs. 2A-B; 1= 2.268, p < 0.05). Conversely, control animalsvedd SWD
events less frequently (0.13 £ 0.1/min) and witloredr durations (6.7 + 2.2s) compared to
SCN14"®Y" mice (Figure 2A; §= 2.4, p > 0.05). Power spectral analysis of SCNE&"
SWD events showed increases in both alpha andflegiaency (Fs s40= 5.605, p < 0.001).
These results suggest SCRYEY* mice have frequent, spontaneous seizures and die
prematurely (Figure 1D). Because this SUDEP-likermtype is virtually identical to other DS
models, including global and inhibitory neuron-gfieciSCN1a haplo-insufficient models (Yu et
al. 2006, Kalume et al. 2013, Kim et al. 2018),amasider the SCNLA ¥ mouse model to be

useful for dissecting the mechanisms that undegbpiratory failure in DS.

SCN1a""®Y"™* mice hypoventilate under baseline conditions and have a reduced CO/H”
ventilatory response

Recent evidence (Kim et al., 2018) showed that Dffiepts have post-ictal respiratory
abnormalities, including hypoventilation, apnea angpaired CQ chemoreception. These
symptoms can last for several hours after seizwhech indicates that respiratory problems

contribute to SUDEP in DS. Therefore, to determimeether SCN1H"®Y mice exhibit


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

respiratory problems, we used a whole-body pletloggaphy to measure baseline breathing and

8V mice. We found that

the ventilatory response to G@n 15-day-old control and SCNY
compared to control mice, SCNt&® mice showed a diminished respiratory output under
room air conditions. Specifically, SCNT&**" exhibited suppressed frequency (246 + 15.3 bpm
for controls compared to 199.5 + 8.4 bpm for SCNTE""": T,s= 2.665; p < 0.05); tidal volume
(13.8 + 2.0ul/g for controls compared to 7.3 + lullg for SCN14*"®V"* T5,= 2.351, p < 0.05);
and minute ventilation (3.4 = 0.pl/min/g for controls compared to 1.8 + Ou/min/g for
SCN14Y8V™ T, = 2,173, p < 0.05; see Figures 3A-D for all). Altigh both genotypes
exhibited apneic events at similar frequencies3@®.1/min for control and 0.11 + 0.04/min for
SCN14"8V"™: p = 0.6), the duration of these events were lomy&CN14"®*"* mice (Figure
3E; 1,104 + 58.6 ms for controls versus 1,350 298s SCN1& 3V T5, = 2.135; p < 0.05).
We also found thaSCN14'"%*V"* mice had a diminished capacity to increase respiat
frequency in response to graded increases i (Fgure 3F). Specifically, respiratory
frequency in 7% C@(balance @ was higher in controls (363.1 £ 7.7 bpm; N = 2Bysus
SCN14"®V™" (300.7 + 17.4 bpm; N = 17;:F;= 5.69, p < 0.05). Although tidal volume
responses to CAH" are similar between genotypes (p = 0.47), totapiratory output, as
measured by minute ventilation— the product of irespry frequency and tidal volume—was
diminished in SCN1%"%*""*mice compared to controlsg{fR1= 3.167, p < 0.05; Figures 3G-H).
Specifically, increasing inspired G@rom 0% to 3% increased minute ventilation in coht
mice by 3.3 = 0.qul/min/g (p < 0.0001). These same conditions, howeed to a much smaller
and non-significant increase in minute ventilationong SCN14"®*"* mice (increase of 1.5 +
0.5 ul/min/g; p = 0.07). These results show that SCNTA"* mice exhibit a respiratory
phenotype similar to that observed in DS patieats] further supports the possibility that

respiratory problems may contribute to mortalityhis DS model.
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Disinhibition and altered RTN chemor eception may underlie breathing problemsin

SCN 1aA1783V/+ mice

The RTN is an important respiratory center anduglisng CQ/H"-sensitive cells in this region
results in a respiratory phenotype similar to SCNFA"* mice (Figure 3). Evidence also
suggests that inhibitory neurons in the RTN regiontribute to respiratory drive (Ott et al.
2011). We therefore sought to determine wheth&s & SCN1a function in inhibitory neurons
decreases inhibitory neuron activity and disinlsibéixcitatory, chemosensitive, neurons. To

facilitate the identification of inhibitory neuronsve crossed VGATcre mice with the

édTomato 783V

Rosa2 reporter line. We crossed the resulting offspnvith floxed-stop SCN1I
mice. VGAT+ cells that undergo this recombinatioxpress tdT and the A1783V variant
(VGATYT""SCN14Y"®V™.  Consistent with other SCNl1a knockout (Tai et 2014) or
missense knockin (Ogiwara et al. 2007, Mashimal.e2@10, Hedrich et al. 2014) DS models,
the loss of SCN1la function in inhibitory neurongpessed inhibitory neural activity. We
performed whole-cell current clamp recordings difilatory neurons in the RTN region in
VGAT“™ slices, which yielded the following results: thénisitory neurons of SCNLA®V"
mice showed lower basal activity than those of mat(14.39 + 1.5 Hz for controls vs. 9.902 +
0.64 Hz for SCN1&"%V™ T¢o= 2.97, p < 0.01; Figures 4A-B). Furthermore, S@&NF3V*
inhibitory neurons fired fewer action potentialsresponse to depolarizing current steps (0-300
pA; A 20 pA) from a holding potential of -80 mV. Thistiaity deficit became more pronounced
during large (200-300 pA) sustained (1,000 ms) enirrinjections where inhibitory neurons
expressing SCNTA®V* showed pronounced spike amplitude and frequencyredemt

(Figures 4A and D). That is, the number of spiéldted by a +300 pA current step (1,000 ms)

was 53.7 + 11 for controls (N = 13) compared t®186.4 for SCN1& "8V (N = 20; Fs 465=
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9.536; p < 0.0001). We also found that inhibitogurons from each genotype had similar input
resistance (517.6 + 82.2Mfor control vs. 519.2+38.9 M for SCN14* "8V T,5= 0.02; p =
0.3; Figure 4C). These results suggest that esjore®f SCN14"®3Y"*in brainstem inhibitory
neurons reduces spontaneous activity and the nsuatnlity to respond to a wide range of

excitatory inputs.

The A1783V mutation is located in the S6 segmerttamhain 4 (Marini, Mei et al. 2007, Lossin
2009), a region thought to regulate voltage-depenutactivation (Catterall WA 2000). Given
that inhibitory neurons that express A1783V shoduoed excitability, we hypothesized that the
SCN1la A1783V variant results in loss of function dausing Navl.1 channels to inactivate at
more negative voltages. Consistent with this hiypsis, when examining spontaneous action
potentials (as measured under resting conditiorie wi0 pA holding current) in inhibitory
neurons in slices of SCNY2%V*and control mice, the latter showed a higher annbit(73.5 +
1.9 mV) than SCNY3"®V"" (61.9 + 2.6 mV; Fes= 9.931, p < 0.001). The maximum rate of
depolarization was higher for controls (134.4 + B1U/mS) compared to SCNYE®V"*(89.4 +
5.3 mV/ImS; kg6 = 35.2, p < 0.0001; see Figures 5A, D-F). Actoatential threshold was also
higher in inhibitory neurons in slices from SCRT&*"*(-29.2 + 0.9 mVompared to controls

(-32.4 £ 0.6 mV; kgs5= 7.403, p < 0.05; Figures 5A, F).

Next, we characterized the properties of the fation potential elicited after holding cells at
potentials that either remove or enhance Navl.hrelanactivation. We found that differences
in action potential waveform properties betweenoggmes were minimized when we held cells
at a negative voltage to remove ‘Nehannel inactivation. For example, holding intaby

neurons expressing SCN1&Y" at a negative pre-potential by injecting a hypeagining

10
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current (-100 pA; 1,000 ms) increased action pa@eamplitude (78.01 + 2.0 mV SCNY&83V"™:

F1, 95= 9.931, p < 0.0001) to an amount similar to spikkesn control cells (81.05 + 1.2 mV
control; p = 0.83) (Figures 5B, E). Under thesaditoons, the maximum rate of depolarization
also increased 140.3 + 5.441 mV/ms, (§s = 35.21, p < 0.0001) (Figures 5B, D); this rateswa
similar to that measured in spontaneous spikes frontrol animals (p > 0.99) but slower than
spikes from control cells following a negative patential (166.6 = 7.3 mV/mS, ks = 35.21, p

< 0.05). Holding inhibitory neurons expressing I@N"®*V"" at a negative pre-potential also
lowered the threshold for spike initiation (-35568.7 mV SCN1& 83" F, 4= 7.403, p<0.001)
to a level similar to control cells (-37.2 + 1.2 ne@ntrol; i, gs= 7.403, p = 0.06) (Figures 5B, F).
We also found that delivering a +180 pA current 19900 ms to enhance Nahannel
inactivation in control cells resulted in similastian potential amplitude ¢Fs= 9.931, p > 0.99),
rate of depolarization (Fgs= 35.21, p = 0.58) and spike threshold ¢f= 7.403, p = 0.97) as
spikes measured in inhibitory neurons from SCNFA"* slices under resting conditions
(holding current = 0 pA) (Figures 5C, D-F). Togaththese results are consistent with the
possibility that the SCN1a A1783V mutation resutsoss of function due to enhanced Navl.1

inactivation.

Previous evidence suggests that inhibitory neuronshe RTN region regulate activity of
chemosensitive neurons (Ott et al. 2011). Becaug®ession of SCNTA®V suppresses
activity of inhibitory neurons in the RTN regionigbres 4 and 5), we predict that loss of
inhibitory tone would enhance basal activity and.E sensitivity of excitatory chemosensitive
neurons. To test this, we characterized the fiangvity of chemosensitive RTN neurons in
slices from each genotype during exposure t@ @@els ranging from 3 to 10%. We initially

identified chemosensitive RTN neurons in each ggreby their firing response to GO We

11
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considered neurons that were spontaneously acti®o CQ and responded to 10% G@ith

at least a 1.0 Hz increase in firing rate to benubsensitive. Chemosensitive RTN neurons also
have been shown to express the transcription fdetwx2b; therefore, at the end of each
experiment we filled all recorded cells with Lucifgellow for later immunohistochemical
confirmation of Phox2b expression. Chemosensi®¥é& neurons in slices from control mice
had an average basal activity of 1.3 + 0.4 Hz uwdeatrol conditions (5% C{pH 7.3). These
cells were strongly inhibited by decreasingQ®3% (pHo = 7.6) (1.02 £ 0.3 Hz) and showed a
linear firing increase in response to 7% (pHo 9 (24 + 0.5 Hz) and 10% CdpHo = 7.0)
(2.8 £ 0.4 Hz) (Figures 6A, B-C). This GQesponse profile is consistent with type |
chemoreceptors (pl= 7.3), which were described previously in a Phor&tuse reporter line
(Lazarenko et al. 2009). Consistent with our higgsts, chemosensitive RTN neurons in slices
from SCN14"®Y"* mice were more active under control conditions %) (2.4 + 0.35 Hz)
(Figure 6C) (£:=2.223, p < 0.05) and showed an enhanced firingorese to high C@H"
(Figure 6D) (slope: 0.3 £ 0.01 control vs. 0.37.@1Q F1,4 =8.04, p < 0.05). These results show

that loss of SCN1a function in inhibitory neuronsrdpts activity of RTN chemoreceptors.

DISCUSSION

Epilepsy patients have a 40-fold higher mortaldterthan the general population (Dlouhy et al.
2016). The most common cause of death for thiemapopulation is SUDEP, a leading cause
of which is respiratory failure (Surges et al. 20B9vlin et al. 2013, Kennedy and Seyal 2015,
Dlouhy et al. 2016). However, the mechanisms uUgiohgy respiratory dysfunction in epilepsy
and SUDEP are largely unknown. This is particylamie in the context of DS, where patients
have an exceedingly high mortality rate and commathibit life-threatening respiratory

problems (Kim et al. 2018), yet nothing is knowgaeding how loss of SCN1la function impacts

12
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brainstem respiratory centers. The results pregdmtre address this knowledge gap by showing
that expression of the recurrent DS-associated @Chtiant A1783V in inhibitory neurons
results in seizures and pre-mature death (Figupe2). Moreover, this mouse model presents
with a respiratory phenotype strikingly similar tfoat exhibited by DS patients. Perhaps not
surprising, we found that loss of SCN1la functioninhibitory neurons in the RTN diminished
activity in a cell-autonomous manner but, impotignalso enhanced baseline activity and
CO,/H" sensitivity of excitatory chemosensitive neurorhese results suggest that disruption
of SCNla in inhibitory neurons can impact brainstesapiratory centers and contribute to

pathological features of DS including disorderegaining associated with SUDEP

By ~ 2 weeks of age, SCNY&**V mice exhibited a respiratory phenotype similab® patients
including hypoventilation, increased apneas andirdghed ventilatory response to gB".
These breathing problems occurred in conjunctioth vai marked increase in mortality, thus
correlatively supporting the possibility that respory failure contributes to premature death in
DS. Although the mechanisms contributing to redpiny dysfunction in DS are unknown,
previous work showed that loss of SCN1a from irtbityi neurons in the forebrain, but not the
brainstem where respiratory control centers aratémt; resulted in premature death (Cheah et al.
2012). These results are consistent with the plystiat respiratory dysfunction is a secondary

consequence of cortical seizure activity propaggtiinand disrupting brainstem function.

There are numerous direct and indirect projectifvom the cortex to brainstem respiratory
centers (Shea 1996) that may serve as the analosuiostrate for seizure-induced respiratory
dysfunction. For example, recent work in humanewsdd that apnea and arterial oxygen

desaturation occurred when cortical seizure agtsfiread to the amygdala (Dlouhy et al. 2015)
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and presumably activated descending inhibitory gmtopns to brainstem respiratory centers.
However, SUDEP can also occur in epilepsy patiémtthe absence of an overt seizure or
outside the peri-ictal period (Lhatoo and Shorve88), suggesting that factors other than acute
seizure predispose individuals to SUDEP. For exapiipis possible that repeated bombardment
of brainstem respiratory centers by frequent caktgeizure events alters cellular or neural
network function, leading to progressive respinatisruption and increased SUDEP propensity.
Consistent with this possibility, patients with feonal lobe epilepsy (a common type of focal
epilepsy) show widespread alterations in neuralvoekt activity including at the level of the
brainstem (Englot et al. 2018). However, it remsaimclear whether elements of respiratory

control are compromised by repeated seizure agiivia similar manner.

Our results show that SCN1a transcript is highlgregsed by brainstem inhibitory neurons and
to a lesser extent by glutamatergic neurons (FgyaEeF); therefore, loss of SCN1la function is
likely to directly impact brainstem inhibitory neuns independent of descending seizure activity.
Consistent with this possibility and analogous fartical inhibitory neurons in SCN1a
knockout models (Cheah et al. 2012) and inducedipatent stem cells derived from DS
patients with an SCN1la truncation mutation (Higbraet al. 2013), we found that inhibitory
neurons in the RTN region expressed the SCNla Al7@&iant produced fewer action
potentials in response to sustained depolarizingent injection and were more prone to
depolarization block compared to inhibitory neurdmsn control mice (Figures 4A-D). These
results suggest that loss of SCN1a might suppnésisiiory tone in brainstem respiratory centers
including the RTN where inhibitory neurons appeaimteract with and regulate the activity of

excitatory chemosensitive neurons (Ott et al. 2011)
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We confirmed this possibility at the cellular lewsl showing that baseline activity and i@’

4Y783V* mice were enhanced

dependent output of RTN chemoreceptors in slicemn fSCN1
compared to RTN chemoreceptors in slices from obntice, thus demonstrating that RTN

chemoreceptor function is altered in this DS modelowever, because chemosensitive RTN
neurons provide an excitatory drive to breathe @ey et al. 2016), we would predict that
disinhibition of these neurons would potentiateheatthan suppress respiratory function as
observed in DS patients (Kim et al. 2018) and SCNE&"* mice (Figure 3). Therefore, it is

likely that other respiratory elements also conti@bto the observed respiratory phenotype. In
particular, inhibitory signaling within the pre-Biiger complex (pre-B6tC) — a brainstem
region downstream of the RTN that regulates ingpiyarhythm — is required for rapid breathing;
Studies have reported that disrupting inhibitorynoenodulation within this region prolongs the

post-burst refractory period exhibited by pre-BatGpiratory neurons, resulting in reduced
respiratory frequency (Baertsch et al. 2018). &foe, it is reasonable to speculate that global
loss of SCN1la function could overactivate pre-BdtSpiratory neurons and increase the
inspiratory burst refractory period, thus slowingspiratory frequency. Furthermore, as
chemosensitive RTN neurons send excitatory glutargat projections directly to inspiratory

pre-B6tC neurons, disinhibition at the level of tREAN would likely further compromise

inspiratory output by the pre-BotC.

Despite the prevalence of SCNla missense mutatiomS (Parihar and Ganesh 2013), few
studies have characterized the pathophysiologyceed with specific mutant alleles. This is
particularly important for the development of patieirected therapies because the aberrant
products of SCN1la missense mutations are potgntedpressed, thus representing a novel

therapeutic target that is absent from haploinegfit models of DS. Here, we show that
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expression of a DS-associated missense mutatio@8@\1) in inhibitory neurons results in
seizures and premature death on a similar timee szalhaploinsufficient DS models (Caterall
WA 2012). Inhibitory neurons from SCN*4%""* mice showed a modest reduction in channel
transcript that may contribute to loss of inhibjtotone; however, the repetitive firing
characteristics of SCNAH®*"*-expressing neurons was more consistent with ldganztion
due to increased Navl.1 channel inactivation. é@mple, genotype differences in the action
potential amplitude and rate of depolarization weiminished under experimental conditions
designed to remove Nachannel inactivation. Therefore, an effectiveatneent for SCN1a
ALT83VI*_associated pathology could be to selectively paten Navl.l channel activity by
slowing voltage-dependent inactivation. This apptg using a spider venom called
heteroscodratoxin-1 (Hmla), has been show to deersaizures and mortality in an SCN1la
haploinsufficient model of DS, albeit at a concatitm well above the Hmla E§€of Navl.l
channels (Richards et al., 2018). If the potenfcidmla depends on channel availability, then
we predict that Hmla would rescue the function rdfibitory neurons expressing A1783V
mutant channels more effectively than neurons egimg only one functional SCNla
allele. However, limitations associated with Hmlacluding poor blood-brain barrier

permeability and a short half-life, preclude tegtihis possibility in a clinically relevant manner

at this time.

In sum, our results show that expression of SCN¥ in inhibitory neurons mirror clinical

features of DS including spontaneous seizures espiratory dysfunction. At the cellular level,
brainstem inhibitory neurons in the RTN of slicesni SCN14'"®V are less excitable whereas
glutamatergic chemosensitive neurons are moreadteit Thus, our findings indicate that RTN

chemoreceptors are a potential substrate for mspyr dysfunction in DS.

16


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

ACKNOWLEDGEMENTS

We thank Drs. Ana Mingorance (Chief Developmente@if of the Loulou Foundation) and
Anastasios Tzingounis (Dept. Physiology and Newlolgly, Univ. Connecticut) for their
constructive suggestions regarding this projects Work was supported by funds from the
National Institutes of Health Grants HL104101 (DKM)L137094 (DKM) and NS104999 (JLL).
Additional funds were also provided by the DravetifRdation Grant AG180243 (DKM) and
American Epilepsy Society (F-SK).

AUTHOR CONTRIBUTIONS

F-SK: experimental design; collection and analysis ¢adeevising the manuscript; final approval of the
manuscript.

JJL: experimental design; revising the manuscript; faggbroval of the manuscript.

XC: data analysis; revising the manuscript, final apaltof the manuscript.

DKM: experimental design; data analysis; drafting t@uscript; revising the manuscript, final
approval of the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests

17


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

REFERENCES

Aiba I, Noebels JL. Spreading depolarization i linainstem mediates sudden cardiorespiratory
arrest in mouse SUDEP models (2015). Sci Transl.Me282ra46.

Akiyama, M., K. Kobayashi and Y. Ohtsuka (2012)aiet syndrome: a genetic epileptic
disorder. Acta Med Okayama 66, 369-376.

Baertsch, N. A., H. C. Baertsch and J. M. Rami&&.8). The interdependence of excitation and
inhibition for the control of dynamic breathing thyns.Nat Commun 9, 843.

Bateman, L. M., M. Spitz and M. Seyal (2010). "Idtgpoventilation contributes to cardiac
arrhythmia and SUDEP: report on two deaths in WBE&G-monitored patient&pilepsia 51,
916-920.

Bender AC, Morse RP, Scott RC, Holmes GL, Lenckt®aRP (2012). SCN1A mutations in
Dravet syndrome: impact of interneuron dysfunctbomeural networks and cognitive outcome.
Epilepsy Behav. 23, 177-86.

Catterall WA(2000). From ionic currents to molecular mechanigims structure and function of
voltage-gated sodium channels. Neuron. 26, 13-25.

Catterall WA (2012). Sodium Channel Mutations &pdepsy. In Jasper's Basic Mechanisms
of the Epilepsies2ed. Noebels JL, Avoli M, Rogawski MA, Olsen RW,|§ado-Escueta AV.
editors (Bethesda MD: National Center for Biotedbgyg Information).

Cheah, C. S., F. H. Yu, R. E. Westenbroek, F. HuiKe, J. C. Oakley, G. B. Potter, J. L.
Rubenstein and W. A. Catterall (2012). Specifietieh of NaV1.1 sodium channels in
inhibitory interneurons causes seizures and pramaleath in a mouse model of Dravet
syndromeProc Natl Acad Sci U SA 109, 14646-14651.

Daly, M. D., J. E. Angell-James and R. Elsner ()9R®le of carotid-body chemoreceptors and
their reflex interactions in bradycardia and cacdiarest. Lancet 1, 764-767.

Depienne C, Trouillard O, Saint-Martin C, Gourfildéen |, Bouteiller D, Carpentier W, Keren

B, Abert B, Gautier A, Baulac S, Arzimanoglou A,Zeaeuve C, Nabbout R, LeGuern E (2009).
Spectrum of SCN1A gene mutations associated widv&rsyndrome: analysis of 333 patients.
J Med Genet. 246 183-91.

Dick, T. E., Y. H. Hsieh, R. R. Dhingra, D. M. Bask R. F. Galan, E. Wehrwein and K. F.
Morris (2014). Cardiorespiratory coupling: commagthms in cardiac, sympathetic, and
respiratory activitiesProg Brain Res 209, 191-205.

Dlouhy, B. J., B. K. Gehlbach, C. J. Kreple, H. Kesaki, H. Oya, C. Buzza, M. A. Granner, M.

J. Welsh, M. A. Howard, J. A. Wemmie and G. B. Ricon (2015). Breathing Inhibited When
Seizures Spread to the Amygdala and upon Amygdatautation.J Neurosci 35, 10281-10289.

18


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Dlouhy, B. J., B. K. Gehlbach and G. B. Richers?dl1). Sudden unexpected death in epilepsy:
basic mechanisms and clinical implications for preion.J Neurol Neurosurg Psychiatry 87,
402-413.

Dutton, S. B., C. D. Makinson, L. A. Papale, A. Bkar, B. Balakrishnan, K. Nakazawa and A.
Escayg (2013). Preferential inactivation of SCNigarvalbumin interneurons increases seizure
susceptibility.Neurobiol Dis49, 211-220.

Englot, D. J., H. F. J. Gonzalez, B. B. Reynold€z PKonrad, M. L. Jacobs, J. C. Gore, B. A.
Landman and V. L. Morgan (2018). Relating strudtarad functional brainstem connectivity to
disease measures in epilepSgurology 91, e67-e77.

Fujiwara, T. (2006). Clinical spectrum of mutatiansSCN1A gene: severe myoclonic epilepsy
in infancy and related epilepsidsilepsy Res 70, S223-230.

Gataullina, S. and O. Dulac (2017). From genotygpghenotype in Dravet diseaSeizure 44,
58-64.

Guyenet, P. G., D. A. Bayliss, R. L. Stornetta,®1.Ludwig, N. N. Kumar, Y. Shi, P. G. Burke,
R. Kanbar, T. M. Basting, B. B. Holloway and |. Wenker (2016). Proton detection and
breathing regulation by the retrotrapezoid nucldiysiol 594, 1529-1551.

Hedrich, U. B., C. Liautard, D. Kirschenbaum, Mf&d, J. Lavigne, Y. Liu, S. Theiss, J. Slotta,
A. Escayg, M. Dihne, H. Beck, M. Mantegazza and.éfche (2014). Impaired action potential
initiation in GABAergic interneurons causes hypeitable networks in an epileptic mouse
model carrying a human Na(V)1.1 mutatidiNeurosci 34, 14874-14889.

Higurashi, N., T. Uchida, C. Lossin, Y. Misumi, ®kada, W. Akamatsu, Y. Imaizumi, B.
Zhang, K. Nabeshima, M. X. Mori, S. KatsurabayashiShirasaka, H. Okano and S. Hirose
(2013). A human Dravet syndrome model from patiedticed pluripotent stem cellslol Brain
6, 19.

Kalume, F. (2013). Sudden unexpected death in Dsgwrelrome: respiratory and other
physiological dysfunctiongRespir Physiol Neurobiol 189, 324-328.

Kalume, F., R. E. Westenbroek, C. S. Cheah, F.ulHJYC. Oakley, T. Scheuer and W. A.
Catterall (2013). Sudden unexpected death in a emaxiel of Dravet syndromé&Clin Invest
123, 1798-1808.

Kearney, J. (2013). Sudden unexpected death iretisgmdromeEpilepsy Curr 13, 264-265.

Kennedy, J. D. and M. Seyal (2015). Respiratorigalhysiology with seizures and implications
for sudden unexpected death in epile@sglin Neurophysiol 32, 10-13.

19


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Kim, Y., E. Bravo, C. K. Thirnbeck, L. A. Smith-Metker, S. H. Kim, B. K. Gehlbach, L. C.
Laux, X. Zhou, D. R. Nordli, Jr. and G. B. Richang@018). Severe peri-ictal respiratory
dysfunction is common in Dravet syndrondeClin Invest 128, 1141-1153.

Klassen, T. L., V. C. Bomben, A. Patel, J. DrabeKT. Chen, W. Gu, F. Zhang, K. Chapman, J.
R. Lupski, J. L. Noebels and A. M. Goldman (20High-resolution molecular genomic
autopsy reveals complex sudden unexpected deathilapsy risk profileEpilepsia 55, €6-12.

Lacuey N, Zonjy B, Londono L, Lhatoo SD.Amygdalaldnppocampus are symptomatogenic
zones for central apneic seizures (201Ngurology 88, 701-705.

Lazarenko, R. M., T. A. Milner, S. D. Depuy, R.$tornetta, G. H. West, J. A. Kievits, D. A.
Bayliss and P. G. Guyenet (2009). Acid sensitiaityl ultrastructure of the retrotrapezoid
nucleus in Phox2b-EGFP transgenic mit€omp Neurol 517, 69-86.

Lhatoo, S. D. and S. D. Shorvon (1998). Relevari¢keofirst seizureLancet 352, 1003-1004.
Lossin, C. (2009). A catalog of SCN1A variants.iBraev 31, 114-130.

Marini, C., D. Mei, T. Temudo, A. R. Ferrari, D. 8uC. Dravet, A. I. Dias, A. Moreira, E.
Calado, S. Seri, B. Neville, J. Narbona, E. ReidMiRhelucci, F. Sicca, H. J. Cross and R.
Guerrini (2007). Idiopathic epilepsies with seimipgecipitated by fever and SCN1A
abnormalitiesEpilepsia 48, 1678-1685.

Mashimo, T., I. Ohmori, M. Ouchida, Y. Ohno, T. Tgoni, T. Miki, M. Wakamori, S. Ishihara,
T. Yoshida, A. Takizawa, M. Kato, M. Hirabayashi, Basa, Y. Mori and T. Serikawa (2010). A
missense mutation of the gene encoding voltagerdkgpe sodium channel (Nav1.1) confers
susceptibility to febrile seizures in rafidNeurosci 30, 5744-5753.

Meisler, M. H. and J. A. Kearney (2005). Sodiumraiel mutations in epilepsy and other
neurological disorderd.Clin Invest 115, 2010-2017.

Miller, A. R., N. A. Hawkins, C. E. McCollom and A. Kearney (2014). "Mapping genetic
modifiers of survival in a mouse model of Dravehdsome."Genes Brain Behav 13, 163-172.

Mulkey DK, Talley EM, Stornetta RL, Siegel AR, Wé&H, Chen X, Sen N, Mistry AM,
Guyenet PG, Bayliss DA (2007). TASK channels deiee pH sensitivity in select respiratory
neurons but do not contribute to central respiyattiemosensitivity.J Neurosci. 27, 14049-58.

Ogiwara, I., H. Miyamoto, N. Morita, N. Atapour, Eazaki, I. Inoue, T. Takeuchi, S. Itohara,

Y. Yanagawa, K. Obata, T. Furuichi, T. K. Henscld & Yamakawa (2007). Nav1.1 localizes

to axons of parvalbumin-positive inhibitory inteumens: a circuit basis for epileptic seizures in
mice carrying an SCN1la gene mutatidiNeurosci 27, 5903-5914.

Ott, M. M., S. C. Nuding, L. S. Segers, B. G. Liagsand K. F. Morris (2011). Ventrolateral

medullary functional connectivity and the respirgtand central chemoreceptor-evoked
modulation of retrotrapezoid-parafacial neurahNeurophysiol 105, 2960-2975.

20


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Parihar, R. and S. Ganesh (2013). The SCN1A gemens and epileptic encephalopathigs.
Hum Genet 58, 573-580.

Ryvlin, P., L. Nashef, S. D. Lhatoo, L. M. BatemdnBird, A. Bleasel, P. Boon, A. Crespel, B.
A. Dworetzky, H. Hogenhaven, H. Lerche, L. MaillaM. P. Malter, C. Marchal, J. M. Murthy,
M. Nitsche, E. Pataraia, T. Rabben, S. Rheimsa8z8t, A. Schulze-Bonhage, M. Seyal, E. L.
So, M. Spitz, A. Szucs, M. Tan, J. X. Tao and Tm8on (2013). Incidence and mechanisms of
cardiorespiratory arrests in epilepsy monitoringsuMORTEMUS): a retrospective study.
Lancet Neurol 12, 966-977.

Shea, S. A. (1996). Behavioural and arousal-relaifeences on breathing in humaisp
Physiol 81, 1-26.

Shmuely, S., S. M. Sisodiya, W. B. Gunning, J. \&hd&er and R. D. Thijs (2016). Mortality in
Dravet syndrome: A revieviepilepsy Behav 64, 69-74.

Surges, R., R. D. Thijs, H. L. Tan and J. W. Sarfdé09). Sudden unexpected death in epilepsy:
risk factors and potential pathomechanisNet. Rev Neurol 5, 492-504.

Tadel F, Baillet S, Mosher JC, Pantazis D, Leahy @DBIL1). Brainstorm: a user-friendly
application for MEG/EEG analysi€omput Intell Neurosci. 2011, 879716.

Tai, C., Y. Abe, R. E. Westenbroek, T. Scheuer\dhd\. Catterall (2014). Impaired excitability
of somatostatin- and parvalbumin-expressing cdrintarneurons in a mouse model of Dravet
syndromeProc Natl Acad Sci U SA111,E3139-3148.

Yu, F. H., M. Mantegazza, R. E. Westenbroek, CR8bbins, F. Kalume, K. A. Burton, W. J.
Spain, G. S. McKnight, T. Scheuer and W. A. Catt¢2806). Reduced sodium current in
GABAergic interneurons in a mouse model of seveyectonic epilepsy in infancyNat
Neurosci 9, 1142-1149.

21


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

FIGURE LEGENDS

Figure 1. Conditional expresson of SCN1a™'"™®V"*

in inhibitory neurons results in
premature death. A-C, SCN1aA1783V/+ mice did not show any obvious differes gross
morphology (A) body weight (A) or temperature (npared to age-matched litter mate
control mice. D, survival curve shows that control mice (n = 5@vese to adulthood (30 days
postnatal) while SCNTA®*Y" mice (n = 41) die prematurely starting at 9 daystpatal and
reaching 100% lethality by 25 dayg € 63.9, p < 0.0001E-F, fluorescentn situ hybridization
was performed to characterize expression of SCMdasdeript in inhibitory (VGAT+) and
glutamatergic (VGLUT+) neurons in the RTN regionhbrainstem sections from control and
SCN14Y®" mice. E, brainstem sections from control and SCA%"*mice containing the
RTN show SCN1la labeling (green puncta) of both V@Ahd VGLUT neurons.F, summary
data show SCN1la transcript expression (normaliaextli size) in VGAT+ and VGLUT+ RTN
neurons from each genotype; channel transcript weduced in VGAT+ cells from
SCN14"®Y"™ mice (0.43 + 0.7 mRNA/area, n = 94 cells) compatectontrol (0.73 + 0.9
mRNA/area, n = 82 cells) (p < 0.05), whereas VGLU3ells showed low channel transcript

across both genotypes. These results were compmied a two-way ANOVA and Sidak

multiple comparison test. *, p < 0.05; ***p < 0.00t**p < 0.0001.

Figure 2. SCN1a*'®V™ exhibit frequent spontaneous seizures. A, traces of raw EcoG
activity show thatSCN1a”'"®"* mice exhibit frequent spontaneous burst of higtpliade
spike-wave discharges (SWD). The arrow identifigypical seizure-like SWD event that was
analyzed further by power spectral analysis in pBneB, summary data show that seizure-like
SWD events occurred more frequently (control 0.18.% events/2 hr, n = 6; SCNL&3V*

0.37 + 0.05 events/2 hr, n = 6{¢¥3.009, p < 0.01 ) and lasted for a longer duratcamtrol 6.7
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+2.2ms, n=6; SCN1&%V* 124 + 55 ms, n = 6,;§2.268, p < 0.05) in SCN1&"8V*
mice compared to control animal<i, representative power spectrum density (PSD) mbts
SWD events show typical strong activity in the #etalpha and beta frequency range in
SCN14"®Y™but not control mice.Cii-Ciii, summary data (normalized to the maximum value
at each event) show PSD peak (Cii) and PSD areeruhd curve (Ciii) of each frequency range
for each genotype. Note that SWD events measure8GN14"%""* mice show increased
activity in the theta, alpha and beta range butdifterences in the delta or gamma band
compared to SWD events measured in control mi@i-iii, SWD event recorded from a
SCN14Y®Y"™ mouse (arrow in panel A) plotted on an expandede tistale (Di) and
corresponding time frequency distribution (Dii) addconstructed spectrum into its various
frequency domains (Diii). These results were camegaising a two-way ANOVA and the Sidak

multiple comparison test. *, p < 0.05; **, p< 0.G%*p < 0.001.

Figure 3. SCN1a""®V"* mice show reduced respiratory output under control conditions
and during exposure to high CO,. A, traces of respiratory activity from a control and
SCN14Y"®Y"mouse during exposure to room air, 100% 02 and 302 (balance §). B-D,
summary data (n=22 control; n=17 SCRT&""") show respiratory frequency (B), tidal volume
(C) and minute ventilation (D) are reduced in SCRYE""* mice compared to control under
room air conditions.E, traces of respiratory activity (left) and summaita (right) show that

under room air conditions both control and SCN1&Y"*

mice exhibit periods of apnea; the
frequency of these events were similar between tgpas, however, they lasted for a longer
duration in SCN1&"8V"* mice compared to controlF-H, summary data shows the respiratory
frequency (F), tidal volume (G) and minute ventilatresponse of control and SCNY&AV"*

él783V/+

mice to graded increases in £@alance @. SCN1 mice showed a blunted respiratory
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frequency to 5% and 7% G@vhich resulted in a diminished GBI*-dependent increase in
minute ventilation. These results were comparadgusither unpaired t test (panels B-E) or
two-way ANOVA followed by the Holm-Sidak multipleomparison test (panels F-H). *,

difference between means p < 0.0%ifferent interaction factor, p < 0.05.

Figure 4. Brainstem inhibitory neuronsin dices from SCN1a"*"®V"* show diminished basal
activity and repetitive firing behavior during sustained depolarization. A, segments of
membrane potential from inhibitory neurons in th&NRregion in slices from control and
SCN14®Y"™ mice during depolarizing current injections (40220 pA; 1 s duration) from a
membrane potential of —-80 mVB, summary data shows inhibitory neurons in slicesnfro
SCN14Y®Y"™ mice (n=36) are less active under resting conuiti® pA holding current)
compared to control cells (n = 26 cells}, summary data and representative voltage responses
to a -60 pA current injection show that inhibitargurons from each genotype had similar input
resistance.D, input-output relationship show that inhibitoryunens from SCN1&"%V* mice
generate fewer action potentials in response toenabel depolarizing current injections (1 s
duration) and at more positive steps go into dephg block. Results were compared using t-
test (B-C) and two-way ANOVA and Sidak multiple coanison test (D). *, p < 0.05; **, p<

0.01; ***, p < 0.001.

Figure 5. The SCN1a **"" missense mutation appears to result in loss of channel function

by increased voltage-dependent inactivation. A, average spontaneous action (control n= 24
spikes, SCN1&"%V* n= 29 spikes (top) and first time derivative of mge action potentials
(bottom) recorded from inhibitory neurons in slidesm control and SCNT&"®*V"* mice (Ai)

and corresponding phase plot (Aii) (dV/dt; Y-axsmV; X-axis) of the traces in panel Ai show

24


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

that cells expressing SCNE&V"*

depolarize slower compared to control cel.average first
action potential following a hyperpolarizing pretgotial (-100 pA; 1 s) (control n= 13 spikes,
SCN14"8Y"™ n= 16 spikes) (top) and first time derivative oBeage action potentials (bottom)

recorded from inhibitory neurons in slices from toh and SCN1&783V*

mice (Bi) and
corresponding phase plot (Bii) of traces in paniekiBow that holding cells at a negative pre-
potential to remove sodium channel inactivation rowed the depolarization kinetics of
subsequent spikesC, average first action potential following a depiimg pre-potential (+180
pA; 1 s) (control n= 9 spikes, SCNT&*V"* n= 11 spikes (top) and first time derivative of
average action potentials (bottom) recorded frohibitory neurons in slices from control and
SCN14"®Y" mice (Ci) and corresponding phase plot (Cii) otésin panel Ci show that
holding cells at a depolarized pre-potential ta@ase sodium channel inactivation diminished
genotype differences in action potential kinetldd-, summary data showing the maximum rate
of depolarization (D), action potential amplitudg) (and action potential threshold (F) of
spontaneous action potentials and first spikesoioilg positive or negative pre-potentials
recorded in slices from control and SCRY&Y* mice. Results were compared by two-way
ANOVA and the Sidak multiple comparison test.. % 0.05; **, p< 0.01; ***, p < 0.001; ****

p < 0.0001.

Figure 6. Chemosensitive RTN neurons in dices from SCN1a"®V*

mice are hyper-
excitable. A, firing rate traces from chemosensitive neuronslices from control (top) and
SCN14"®Y"™ mice (bottom) show that neurons from both genotymspond to changes in
CO,/H"; RTN neurons are spontaneously active under cootraditions (5% CQ@ pHo 7.3) and
respond to 7% CO(pHo 7.2) and 10% C{pHo 7.0) with a linear increase in activity, whas

exposure to 3% CQO(pHo 7.6) decreases neural activity. Howeverabastivity and CQ/H"-
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dependent output of RTN chemoreceptors from SENIH"* tissue is enhanced compared to
control cells. B, double-immunolabeling shows that a Lucifer Yellolleti CO,/H*-sensitive
RTN neuron (green) is immunoreactive for phox2bderda), the merged image is shown to the
right. We confirmed that all C@H"-sensitive neurons (control n= 12; SCRYEV*n = 11)
included in this study were phox2b-positive.C-D, summary datashows that RTN
chemoreceptors in slices from SCNY4*V"* mice have higher basal activity (C) and enhanced
CO,/H*-dependent output between 3-10% 4D). Results were compared by t-test (C) or

ANCOVA test (D). *, p < 0.05.

TABLES

Table 1. Behavioral Assessment of Seizure activity
Racine Score |1 |2 | 3| 4 | 5| Behavioral Arrest
Control 5/0[{0|0|0 0
SCN14"® V" [3|3[6|2]3 5

Table2: Probesused for FISH

Gene name Probe Cat no| Target region
Scnla 434181 1624 - 2967
SLC32A1 | 319191-C2 | 894 - 2037
Slcl7a6 | 319171-C2 | 1986 - 2998
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METHODS

SCN1la A1783V/+ mice

All animal use was in accordance with guidelinepraped by the University of Connecticut
Institutional Animal Care and Use Committee. SCRY&*"* mice were generated by crossing
offspring of VGAT-ires-cre (JAX no. 016962) and tahato mice (JAX no. 007914) with mice
carrying cre-driven heterozygous SCNla A1783V maomafJax no. 026133) to introduce the
SCN1la variant A1783V conditionally in inhibitorgarons. Experimental animals express both
the reporter and the SCNEE*V"™* mutation (SCN14®*V"* mice), whereas litter mate control
animals were those that express the tdTomato eparider the VGAT promotor. Aged
matched mice from both genotypes and sexes wemk faseall experiments included in this

study.

Fluorescent in situ hybridization (FISH)

To prepare fresh frozen slice, postnatal week 2 micboth genotypes were anesthetized with
isoflurane, decapitated, and brainstem tissues wagrigly frozen with dry ice and embedded
with OCT compound. Brainstem slices (14um thiak)taining the retrotrapezoid nucleus (RTN)
were crysectioned and collected onto SuperFrost Riigcroscope slides. Slices were fixed with
4% paraformaldehyde and dehydrated with 50%,70%18@3%6 ethanol. FISH were processed
with the instruction of RNAscope® Multiplex Fluomnt Assay (ACD, 320850), the probes

used in our study were designed and validated bl Aable 2).

Unrestrained whole-body plethysmography
Respiratory activity was measured using a wholeyhudthysmograph system (Data Scientific

International; DSI), utilizing animal chamber (661 volume) maintained at room temperature
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and ventilated with air (1.3 L/min) using a smatliraal bias flow generator. Fifteen day old
mice (~7 g) were individually placed into a chamaed allowed 2 hour to acclimate prior to the
start of an experiment. Respiratory activity wasorded using Ponemah 5.20 software (DSI) for
a period of 15 minutes in room air followed by egpre to graded increases in £tdom 0% to
7% CQ (balance @). Body temperature was measured before and adieln experiment and
although body temperature tended to drop C1by the end of an experiment, there were no
genotype difference in the degree of cooling (p .87 Parameters of interests include
respiratory frequency @ breaths per minute), tidal volumes(Mneasured in mL; normalized to
body weight and corrected to account for chambeat animal temperature, humidity, and
atmospheric pressure), and minute ventilatiog, (dL/min/g). A 20 second period of relative
guiescence after 2 minutes of exposure to eachittmmavas selected for analysis. Spontaneous
apneic events, conservatively defined as 3 or mussed breaths not preceded by a sigh or
augmented breath, were analyzed off-line. All expents were performed between 9 a.m. and

6 p.m. to minimize potential circadian effects.

Acute dlice preparation and in vitro electrophysiology

Slices containing the RTN were prepared as prelyodsscribed (Mulkey et al., 20007). In
short, rats were anesthetized by administratioketdmine (375 mg/kg, 1.P.) and xylazine (25
mg/kg; I.P.) and rapidly decapitated; brainstemsewemoved and transverse brain stem slices
(300 um) were cut using a microslicer (DSK 1500E; Dosaika)ce-cold substituted Ringer
solution containing the following (in mM): 260 sose, 3 KCIl, 5 MgGl, 1 CaC}, 1.25
NaH,PO;, 26 NaHCQ, 10 glucose, and 1 kynurenic acid. Slices wecabated for 30 min at

37°C and subsequently at room temperature in a adRimger’s solution containing (in mM):

28


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

130 NaCl, 3 KCI, 2 MgGl 2 CaC}, 1.25 NaHPQ, 26 NaHCQ, and 10 glucose. Both

substituted and normal Ringer’s solutions were tedlkvith 95% Q and 5% CQ(pH=7.30).

Individual slices containing the RTN were transéernto a recording chamber mounted on a
fixed-stage microscope (Olympus BX5.1WI) and peztusontinuously (~2 ml/min) with a bath
solution containing (in mM): 140 NaCl, 3 KCI, 2 Mg 2 CaC), 10 HEPES, 10 glucose
(equilibrated with 5% Cg pH=7.3). All recordings were made with an AxapaR00B patch-
clamp amplifier, digitized with a Digidata 1322A BJ/converter, and recorded using pCLAMP
10.0 software (Molecular Devices, Sunnyvale, CA)lc&dings were obtained at room
temperature (~22° C) with patch electrodes pullednfiborosilicate glass capillaries (Harvard
Apparatus, Molliston, MA) on a two-stage puller gl Sutter Instrument, Novato, CA) to a DC
resistance of 5—-7 B when filled with a pipette solution containing tfadlowing (in mM): 125
K-gluconate, 10 HEPES, 4 Mg-ATP, 3 Na-GTP, 1 EGTA, Na-phosphocreatine (uM), 0.2%
Lucifer yellow (pH 7.30). Electrode tips were cahteith Sylgard 184 (Dow Corning, Midland,

MI).

The firing response of chemosensitive RTN neuren€®; (3-10% CQ) was assessed in the
cell-attached voltage-clamp configuration (sealistasce > 1 @) with holding potential
matched to the resting membrane potentiahi{\# —60 mV) and with no current generated by
the amplifier (amp= 0 pA). Firing rate histograms were generatednbggrating action potential
discharge in 10 to 20-second bins using Spike &tfvare (Cambridge Electronic Design, CED,
Cambridge, U.K.). We confirmed that all chemose&vesiRTN neurons included in this study

were immunoreactive for the transcription factooi2b.
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To characterize action potential properties anetrigpe firing behavior of inhibitory neurons,
we made whole-cell current-clamp recordings frouofescently labeled neurons located in the
region of the RTN in slices from VGAT:TdTomato miceRepetitive firing responses to 1
second depolarizing current steps from 0 to 300(4#A20 pA increments) were characterized
from an initial holding potential of -80 mV. Actiopotential amplitude, threshold (dv/dT >
10mV/mS) and the maximum rate of depolarizationamigd from the peak of the first time
derivative of the action potential were characttiZor spontaneous spikes measured under
resting conditions (holding current = 0 pA) and foe first spike elicited after delivering a
positive (+200 pA) or negative (-100 pA) 1 secomdrent step. All whole-cell recordings had
an access resistance (Ra) < 2@ Mecordings were discarded if Ra varied >10% dyiam

experiment. A liquid junction potential of -14 nwas accounted for during each experiment.

I mmunofluor escence staining

Slices were fixed in 4% PFA over night after redogd and blocked with 5% normal horse
serum in 1X PBS with 2.5% triton for 1 hr. Slicesre incubated in goat anti-phox2b antibody
(R&D, AF4940) and rabbit anti-lucifer yellow antith@s (Invitrogen, A-5750) mixed in
blocking solution under °€ overnight. After washing the primary antibody ecendary
antibody was applied for 2 hrs followed by an add#l wash and mounting with ProLong®
Gold Antifade Reagent (Invitrogen, P36934). Sligese imaged using a Leica SP8 confocal
microscope (40x/1.3 HC oil objective) to identifells that co-express Alex Fluro 647 for

phox2b and Alex Fluro 488 for lucifer yellow.

Electrocorticography recording

30


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Subdural EcoG electrodes were implanted in 15 daycontrol and SCNZ3"®Y* mouse
pups. To minimize damage we used stainless stieelelectrodes (diameter = 0.003 in) (A-M
system, 790900) inserted just under the skull flangth of 2 mm into each hemisphere near the
fontal cortex. A reference wire electrode was @thin the posterior cortex. Each electrode was
connected to a Mill-MAX miniature socket (digikeigD11265-ND) and secured to the skull
with super glue. Differential voltage signals waraplified 1000x with a DAM-50 differential
amplifier (1 Hz low filter, 10 kHz high filter), ditized at 5 kHz and recorded using Sirenia

Software (Pinnacle technology).

Mice were allowed to 12 hours to recover from stydaefore recording EcoG activity for a
period of 2 hours. We also video recorded all expents to correlate animal behavior with
EcoG recordings. Only spike wave discharge (SWddyidy that occurred in conjunction with
observable seizure behavior was included in théysisa Any data including movement artifacts
were excluded from analysis. The same criteriaskizure events were used for both mutant
mice and control group. The full duration of ea€lizsre event was segmented and then down
sampled from 600 Hz to 100 Hz to focus on the fezmy range of interest (0-50 Hz) prior to
performing the power spectral analysis in Matlaba{iMVorks). Frequency ranges of EcoG
signals are defined as follows: deléa(1-5 Hz), thetap (6—8 Hz), alphag (9—16 Hz), beta}
(17-36 Hz), and gammg, (37-50 Hz). Frequency analysis results were nlizeth to the
maximum frequency amplitude at each event. Fadn é&guency range, maximal amplitude and
area under each frequency range were calculatezptot the spectral power. To show the time-
varying frequency distribution, time frequency aiséd using Hilbert and Morlet transformations

were also performed using Brainstorm 3.0 (Tadal.2011).
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Seizure behavior Scoring

We video monitored mice for 1 hour after placingrthindividually in a cage and giving them

access to food and water ad lib. Seizure behaliming this time was evaluated using the
Racine scoring system as follows: score 1, mouthfacial movements; score 2, head nodding;
score 3, forelimb clonus; score 4, rearing withtdintonus; score 5, full body clonus, rearing and

falling.

Statistical Analysis

Data are reported as mean + SE. All statisticalyaisawas performed using Prism 7 (GraphPad
Software, Inc., La Jolla, CA). Data were normaligtdbuted (Shapiro-Wilk normality test) and
comparisons were made using t-test, Chi Squaredestway or two-way ANOVA followed by
multiple comparison tests as appropriate. Relewahies used for statistical analysis are

included in the results section.

32


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

B C D
127 n.s. 457 N.s
C) 3) 1001
= : 8 g') g control
5 a 9
g 5 i X SCN1aA1783V/+
= _.CI_.; GEJ :
3 S = .
3 9 0 } .
con < o N T -
W con mSCN1gA1783V/+ postnatal days
E Control F Il control

- SCN1aA1 783V/+
2.01 *
*k%k%
2 * %%
pd § o
VGAT VGLUT X g °
SCN1gA1783V/+ £ O - 8 8
- << g
S :;: B n.s
» R |5
0 VeAr Verut
VGAT
G VGLUT (4) (3) (3) (4) # animals

Figure 1


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

A Control -~ Di_ SCN1aA1783VI* sWD event
S5
S
SCN’IaA1 783V/+ 5min &V %_
o
o
N
A T T T T T
Bi Bii Cii Ciii Dii power spectrum
SWD SwD PSD 40 25
10 peak PSD area > <
5 g - b=
é 0 a B 0 a P %i S
4(]C__; *% E I g
5 0 0
0 0 A1 783V/
+
Wcon MSCN1a Diii Hilbert transform
Cito
PSD 5
= ~N
S - =
O 5
o Control Py
0

10 20 30 40 50
(Hz)

Time (s)

Figure 2


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

A control Air  SCN1aA1783V/* B ' 300, C,_ 201 D 10-
a . E © —~|
= 7 — s L7
et Ao, BE £35 sEl . °
- E 2 T (@] = C ~ 1 O@ 00
oS > s *o
100% 02 = = = | :
¢= g '(96 o> 3 o
0
3% CO2 E 3 control %)
0 |
AN : e
: -
5% CO2 = SCN1aA1783V/
S apnea
0. apnea
o
©
MJUU V 2s
F G H
7% CO2 400 40 15
< _ =
E S — =
- > o W=
g 2 T3 >S5
2 =7 *E BT 2
E s 0 0 0
__13 ="0357 0357 0357
1S % CO2 % CO2 % CO2

Figure 3


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

A control

WO -

200 mS

SCN1aA1783V/+ g(epol. block
Ve

40 pA l—l I | | ‘
-80 mV..._l—pl_.. J 80pA Lo 100 pA Lo 180 pA L 220 pA L.

20 mV

o
O
O

_30) e g1 ¢ —
2 3 S : v oz £
.'8 N g g g a 8 "1 i)
] E
‘—; L - =0} \/—VEOONmS EL
(72} S5 ] | I o
© (o8 =
@ o £ 0 -60 pA £

M con ESCNA1 aA1 783V/+

Figure 4


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Ai Ali D
Spontaneous Action Potential max. rate of depol.
2507 wxkx  _x  _x
- 150 ° . ° M spontaneous
I S - — 8 [ negative pre-potential
I — @ 100 - positive pre-potential
_ E c Q g 8 °
° >3 o0 == control
3| °E E % SCN1gA1783V/+
38 2mS -120 —
0
-60 0 60 mV
Bi Bii E
Negative Pre-potential 150, SPike amplitude
E *kk%
5 150 # NS NS
o — 8
()] > 8
. SE g :
2 >0
o| © é
3 2'mS -120 ———— s 0
-80 0 60 mV
Ci Cii F spike threshold
Positive Pre-potential 0
150
>
IS »
_ = &€& £
5 >0
> 4 CE °
ol ~
3 TS -120 S

3

0 60mV -50

&
S

Figure 5


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/470609; this version posted November 14, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

B Lucifer Yellow

A control
o _ % ventral
< . . surface
rw
oL 3
£ g
i " 5min 2
%Cco2-8] 10 | 3 —— :
a baseline CO,/H"-sensitivit
8 SCN1aA1783V/+ C 4 o D, .2 y
2 s
©
el © 7 ©
oL © © 1
k= 2ol ‘2
= T I
L B min 8" gv ]
0- = - i
0 5
M con mSCN1aA1783V/+ % CO2

Figure 6


https://doi.org/10.1101/470609
http://creativecommons.org/licenses/by/4.0/

