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Abstract

Sudden unexplained death in childhood (SUDC) is death of a child > 12 months old that is unexplained after autopsy and
detailed analyses. Among SUDC cases, ~30% have febrile seizure (FS) history, versus 2-5% in the general population.
SUDC cases share features with sudden unexpected death in epilepsy (SUDEP) and sudden infant death syndrome (SIDS),
in which brainstem autonomic dysfunction is implicated. To understand whether brainstem protein changes are associated
with FS history in SUDC, we performed label-free quantitative mass spectrometry on microdissected midbrain dorsal raphe,
medullary raphe, and the ventrolateral medulla (n=8 SUDC-noFS, n=11 SUDC-FS). Differential expression analysis
between SUDC-FS and SUDC-noFS at p <0.05 identified 178 altered proteins in dorsal raphe, 344 in medullary raphe, and
100 in the ventrolateral medulla. These proteins were most significantly associated with increased eukaryotic translation
initiation (p =3.09 x 107, z= 1.00), eukaryotic translation elongation (p =6.31 X 107%, z= 6.01), and coagulation system
(p=1.32x107, z=1.00). The medullary raphe had the strongest enrichment for altered signaling pathways, including with
comparisons to three other brain regions previously analyzed (frontal cortex, hippocampal dentate gyrus, cornu ammonus).
Immunofluorescent tissue analysis of serotonin receptors identified 2.1-fold increased SHT2A in the medullary raphe of
SUDC-ES (p=0.025). Weighted gene correlation network analysis (WGCNA) of case history indicated that longer FS history
duration significantly correlated with protein levels in the medullary raphe and ventrolateral medulla; the most significant
gene ontology biological processes were decreased cellular respiration (p=9.8 x 107, corr=— 0.80) in medullary raphe
and decreased synaptic vesicle cycle (p=1.60x 107, corr=— 0.90) in the ventrolateral medulla. Overall, FS in SUDC was
associated with more protein differences in the medullary raphe and was related with increased translation-related signaling
pathways. Future studies should assess whether these changes result from FS or may in some way predispose to FS or SUDC.
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Introduction

Sudden unexplained death in childhood (SUDC) is death
of a child > 12 months old for whom the cause of death
(COD) is unexplained after autopsy and detailed analyses
[9]. In typical cases, death occurs in sleep and the child
is prone; there is a male predominance [24, 25, 32, 48].
Among SUDC cases, febrile seizure (FS) history occurs in
28.8% of the SUDC Foundation cohort versus 2—-5% of the
general population [16]. Unwitnessed and undiagnosed FS
may occur in SUDC cases with terminal seizures during
sleep [17]. These characteristics parallel those in sudden
unexpected death in epilepsy (SUDEP) and sudden infant
death syndrome (SIDS) [1, 11, 25, 31-33], and share neu-
ropathological and other features [23, 32, 39, 40, 48, 51,
69]. Previous neuropathology studies have observed find-
ings in SUDC cases that were similar to temporal lobe
epilepsy [23, 32, 34, 48], although some of these findings
occur in explained COD cases and thus additional studies
are needed to provide consensus on the variation in the
normal range of hippocampal anatomy as well as brain-
stem [42, 47, 63]. Further, our recent proteomic analyses
of SUDC cases indicated more protein differences in the
frontal cortex than in the hippocampus, a region that does
not frequently contain detectable neuropathology [44]. The
combination of these characteristics implicate brainstem
dysfunction leading to autonomic disorders that may be
the final common path for most neurologically mediated
sudden deaths. Brainstem nuclei initiate and regulate res-
piration (e.g., midbrain dorsal raphe modulates arousal
response to hypercapnia [27, 30, 56, 67]; medial medullary
raphe regulate respiration via chemoreceptors [4, 61]; the
ventrolateral medullary pre-Botzinger complex coordi-
nates respiratory rhythm [56, 64]). In SIDS, reduced med-
ullary serotonergic receptor binding activity may impair
respiratory function [31, 33]. In SUDEP cases, we found
protein changes in these brainstem regions [40]. To under-
stand whether these regions are impacted in SUDC cases
with FS (SUDC-FS), we performed localized proteomic
analyses to identify altered proteins and the associated
signaling pathways. This builds on our findings of protein
changes in frontal cortex and hippocampus of SUDC cases
[44].

Methods

Human brain tissue Autopsy brain tissue was obtained
through the multisite collaboration with the SUDC Regis-
try and Research Collaborative (SUDCRRC), approved by
the New York University School of Medicine Institutional
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Review Board (IRB #14-01061). SUDCRRC evaluates
cases ages 1 month to 18 years old who died suddenly and
unexpectedly and the COD is unexplained after autopsy
and complete forensic assessment [9]; all performed before
proteomic analyses. Cases were referred from multiple
sites, including NYU, Columbia University, the Mayo
Clinic (Minnesota), and > 30 clinical and forensic collab-
orators at medical examiner and coroner offices. Consent
for SUDC cases was provided by the decedent’s parent(s)/
guardian(s). After brain tissue was obtained, neuropatho-
logical examination was performed, and brain tissue was
processed into FFPE blocks. Neuropathology findings
were described [44, 48] and are summarized in Table 2
and detailed in Supplementary Table 1. SUDC cases with
or without FS history were included from those enrolled
in the SUDCRRC from 2015 to 2018, and with brainstem
regions of interest in formalin less than 3 years. FS his-
tory included either simple or complex FS, with simple FS
being generalized and lasting less than 15 min while com-
plex FS are seizures lasting more than 15 min and recur-
ring within 24 h [66]. Cases were excluded (n=3) when
ancillary analyses identified potential pathogenic whole
exome sequencing (WES) variants that may contribute to
COD [20]. Various microbiology testing was performed
at autopsy as we note in our previous study of the same
cases [44], with 4/17 tested cases with positive post-mor-
tem virology from respiratory and brain samples that were
considered not to contribute to COD. Cohort demograph-
ics and post mortem data from the cases with (SUDC-FS)
and without (SUDC-noFS) FS history are summarized in
Table 1, detailed in Table 2 and Supplementary Table 1;
these cases were evaluated in our proteomic analyses of
other brain regions [44].

Brainstem nuclei identification All brain tissue was
evaluated before LCM to confirm brain regions of interest
as described [40]. Midbrain at the level of the inferior col-
liculus was evaluated by immunofluorescence (IF) on a par-
allel glass slide before LCM to confirm that the tryptophan
hydroxylase positive (TPH2(+)) neurons of the dorsal raphe
were present, as this region may not be present in bisected
tissue or rostral to the inferior colliculus. The medulla at
4 levels within 1 cm above obex were evaluated for the
TPH2(+) neurons of the medullary raphe and NK1R(+)
cells of the ventrolateral medulla. All tissue processing and
sectioning was performed by the NYU Center for Biospeci-
men Research and Development. For IF, 8 um sections were
deparaffinized and rehydrated through a series of xylenes
and ethanol, followed by heat-induced antigen retrieval with
10 mM sodium citrate, 0.05% triton- X 100 at pH 6. After
blocking in 10% normal donkey serum, sections were incu-
bated overnight at 4 °C with primary antibodies for TPH2
(1:250, Abcam ab121013) for midbrain or TPH2 and NK1R
(1:100, Sigma S8305) for medulla. Secondary antibodies
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Table 1 Cohort demographics

Group Cases Mean age at Sex Mean PMI (hours) Mean brain

and post mortem data death (years) weight
(grams)

Midbrain dorsal raphe

SUDC-noFS 7 34+3.8 1F/6 M 3025 1228 + 144

SUDC-FS 9 + 6F/3M 37+32 1266 + 83

Medullary Raphe

SUDC-noFS 8 0+5.6 2F/6M 3123 1265+168

SUDC-FS + 6F/3M 42+32 1267+101

Ventrolateral medulla

SUDC-noFS 8 0+5.6 2F/6M 3123 1265+ 168

SUDC-FS 11 + 8F/3M 39+29 1269 +90

included donkey anti-goat Alexa-Fluor 488 (1:500, Ther-
mofisher) and donkey anti-rabbit Alexa-Fluor 555 (1:500,
ThermoFisher), with nuclei counterstaining by Hoescht
(Sigma B2261).

LCM After confirming brainstem nuclei localization, tis-
sue was dissected from sections at one level of the brainstem
at 8 um on LCM compatible PET slides (Leica), after being
sectioned onto slides by NYU Experimental Pathology.
LCM slides were subjected to IF for TPH2 or NK1R/TPH2
(antibodies described above), as described [40]. For the ven-
trolateral medulla, an overview scan for the entire section
before LCM allowed for NK1R(+) and anatomical localiza-
tion. From each region, 12 mm? of the ventrolateral medulla
bilaterally, and 4.5 mm? for the midbrain dorsal raphe and
medullary raphe were microdissected into LC-MS grade
water (Thermo Scientific). Protein quantification from equal
areas for each case allows for protein quantification with
very low protein concentrations (estimated at < 1 ug protein/
sample). Microdissected samples were centrifuged for 2 min
at 14,000 g and stored at — 80°C. LCM was performed at 5X
magnification with a Leica LMD6500 microscope equipped
with a UV laser. Schematic of targeted regions was partially
generated in Biorender (Fig. 1).

LFQ-MS Proteins were extracted using SPEED-based
protocol. FFPE samples were incubated in 10 ul of TFA for
3 min at 73C with subsequent 10x (v:v) dilution in 2 M TRIS
containing 10 mM TCEP and 20 mM CAA and additional
incubation at 90 C for 1 h. After 6x (v:v) dilution with water
containing 0.2 ug of sequencing-grade trypsin (Promega),
proteins were digested overnight at 37 C. The resulting
peptide samples were acidified with TFA (to final 2%) and
loaded on Evosep Pure C18 tips. LC separation was per-
formed online on Evosep One LC utilizing Dr Maisch C18
AQ, 1.9 um beads (150 pm ID, 15 cm long, cat# EV-1106)
analytical column. Peptides were gradient eluted from the
column directly to Q-Exactive Orbitrap HF-X mass spec-
trometer using 88 min extended Evosep method (SPD15)
at a flowrate of 220 nl/min. The mass spectrometer was

operated in data-independent acquisition mode (DIA), doing
MS? fragmentation across 22 m/z windows after every MS!
scan event. High resolution full MS spectra were acquired
with a resolution of 120,000, an AGC target of 3e6, with a
maximum ion injection time of 60 ms, and scan range of
350-1650 m/z. Following each full MS scan 22 data-inde-
pendent HCD MS/MS scans were acquired at the resolution
of 30,000, AGC target of 3e6, stepped nce of 22.5, 25 and
27.5.

MS data were analyzed using Spectronaut software
(https://biognosys.com/shop/spectronaut) and searched in
directDIA mode against the Homo sapiens reference pro-
teome database (http://www.uniprot.org/) including protein
isoforms. Database searches were performed in integrated
search engine Pulsar. For searching, the enzyme specific-
ity was set to trypsin with the maximum number of missed
cleavages set to 2. Oxidation of methionine was searched as
variable modification; carbamidomethylation of cysteines
was searched as a fixed modification. The false discovery
rate (FDR) for peptide, protein, and site identification were
set to 1%. Quantification was performed on MS? level using
3 most intense fragment ions per precursor. Raw MS data
were deposited on the MassIVE server (https://massive.ucsd.
edu/) under accession MSV000095576.

Data were log transformed and normalized using
median intensity across all samples. The protein expres-
sion matrix (n=2,923) was filtered to contain only proteins
that were quantified in at least half the cases in one group
(SUDC-FS or SUDC-noFS) in each brain region (mid-
brain dorsal raphe: n=2,813; medullary raphe: n=2,819;
ventrolateral medulla: n=2,826). For principal component
analysis (PCA), missing values were imputed from the
normal distribution with a width of 0.3 and downshift of
1.8 (relative to measured protein intensity distribution) in
Perseus [71]. Unpaired t-tests were performed in Perseus
to detect significant changes in protein expression between
SUDC-FS and SUDC-noFS. Significance was p <0.05.
Cell type annotations were derived from a reference data
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Table 2 Case history [44]

Case ID Age (yr) Sex Other medical history Febrile Apparent Found PMI (hr) Brain Significant neuropathology
seizure terminal body weight
history activity position (grams)

1 1.45 F  Fever24h Simple Sleep Prone 55 1200 Mild hippocampal micro-

2 1.79 M  Fever 24 h, Mild motor/  Simple Sleep
speech delay, autism
spectrum
3 1.83 F  Fever 24-72 h, virus Simple Sleep
detected
4 3.48 F Simple Sleep
5 1.48 F  Fever24-72h None Sleep
6 3.33 F  Speech delay Complex  Sleep
7 2.90 F  Frequent URIs, pneu- Simple Sleep
monia
2.73 M Simple Sleep
1.85 M  Fever 24-72 h, virus None Sleep
detected
10 2.39 M None Sleep
11 2.58 M  Asthma, reactive airway ~ None Sleep
disease, frequent URIs,
Mild motor/speech
delay, poor visual
function
12 2.88 F  Fever 24-72 h, Mild Simple Sleep
motor/speech delay
13 2.82 F Fever 24-72 h, virus Complex Rest
detected, mild sleep
apnea, reactive airway
disease
14 3.72 M  Reactive airway disease ~ Simple Sleep
15 15.98 F  Asthma, reactive airway =~ None Sleep
disease, respiratory
infections
16 1.18 M None Sleep
17 3.58 F  Fever 24-72 h, virus Simple Sleep
detected
18 11.84 M  Asthma, multiple URIs None Sleep
19 2.61 M Fever72h None Sleep

scopic abnormalities;
early acute hypoxic-
ischemic neuronal
damage

Prone 35 1320 Mild hippocampal micro-

scopic abnormalities and
mild reactive changes

Prone 29 1180

Prone 30 1173

Prone 12 1241

Prone 9 1220

Prone 61 1170

Prone 112 1310

Prone 20 1234 Left hippocampal asym-
metry and dilated
perivascular spaces

Prone 18 1220 Bilateral hippocampal
abnormalities, mild

Prone 15 1210 Hippocampal abnormali-
ties, mild

Prone 38 1275 Mild reactive change

Prone 17 1286

Supine 8 1430

Prone 38 1520 Focal cortical dysplasia,
type IIA; hippocampal
dysgenesis

Side 26 945

Prone 36 1400 Hippocampal abnormali-
ties, mild

Side 83 1390 Diffuse edema

Prone 37 1358 Diffuse edema and hip-

pocampal malrotation
with variation in the
thickness of the dentate
gyrus

URI upper respiratory infection, yr years, hr hours, PMI post-mortem interval

set [36] and as described [40, 43, 59], with 1066 possible
annotations from gene IDs that were associated with one
cell type. Overlap in proteins of interest were evaluated
by Venn diagram generated from InteractiVenn [22]. Cor-
relation analyses were performed by Pearson correlation
in GraphPad Prism.

@ Springer

Pathway analysis The signaling pathways associated
with protein differences were evaluated by Ingenuity Path-
way Analysis (IPA; Qiagen). A Core Analysis for each brain
region had a threshold for each protein at p <0.05. The top
20 pathways are in a bubble plot produced in GraphPad
Prism and Adobe Illustrator, with z-score in blue (decreased)
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Fig. 1 Dissected brainstem regions and differential expression analy-
ses. a—c¢) overview schematic of regions microdissected in the mid-
brain dorsal raphe, medullary raphe, and ventrolateral medulla. After
proteomic analysis, principal component analysis (PCA) shows dis-
tribution of SUDC cases with febrile seizure history (SUDC-FS;
orange) and SUDC cases without febrile seizure history (SUDC-
noFS; yellow) in the midbrain dorsal raphe d), medullary raphe
e), and ventrolateral medulla f). There was no segregation of cases
by FS history in any of the brain regions analyzed, in PCA1: mid-
brain dorsal raphe (p=0.93, unpaired t-test), medullary raphe
(p=0.12), ventrolateral medulla (p=0.24) or PCA2: midbrain dorsal

and red (increased). White color indicates z-score that was
“NA” or z=0.

Weighted gene correlation network analysis
(WGCNA) WGCNA evaluated protein correlations with
clinical variables (see Supplementary Table 1) in the R envi-
ronment with the WGCNA package for blockwise Modules
with defaults as described [28, 37, 41, 44, 65] except where
noted. Soft threshold power beta was R>=0.8. The power
for each brain region: midbrain dorsal raphe =5, medullary
raphe =35, and ventrolateral medulla=7. Gene ontology
(GO) annotations for modules was determined following
WGCNA with the anRichment package in the R environment

Difference log,[SUDC-FS/SUDC-noFS]

Difference log,[SUDC-FS/SUDC-noFS]

raphe (p=0.055), medullary raphe (p=0.33), ventrolateral medulla
(»=0.72). g) Differential expression analysis identified 178 altered
proteins (68 increased, 110 decreased) in the midbrain dorsal raphe
at p<0.05. h In the medullary raphe, 344 proteins were altered (217
increased, 127 decreased). i In the ventrolateral medulla, 100 proteins
were altered (53 increased, 47 decreased). The top 5 significantly
increased and decreased proteins are annotated by gene name, as well
as protein of interest SLC2A13. Dotted lines correspond to p <0.05
and fold change at 1.5. Cell type annotation for each protein is indi-
cated by color. Additional protein information is available in Supple-
mentary Tables 2, 3, 4

with Entrez IDs against the human GOcollection. GO anno-
tations were considered with an FDR <5% and associated
with at least 5 proteins.

Immunofluorescence (IF) IF was performed to evaluate
top protein candidates identified by proteomics (SEZ6L2,
SLC2A13), as well as other related serotonin receptor pro-
teins (SHT1A, SHT2A) in all cases evaluated by proteom-
ics. SEZ6L2 and SLC2A13 antibodies were selected with
consultation from Protein Atlas (www.proteinatlas.org) that
has a growing tissue database characterizing antibodies, with
the SEZ6L.2 and SLC2A13 antibodies having an “enhanced
— orthogonal” rating for IHC as antibody staining is mainly
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consistent with RNA expression across 45 tissues. The
SHT1A and SHT2A antibodies have been used previously in
various experimental approaches in our and other studies [2,
38, 45, 53, 60, 76]. 8 um FFPE sections were deparaffinized
and rehydrated in a series of xylenes and ethanol dilutions.
After washing, heat-induced antigen retrieval was performed
with 10 mM sodium citrate, 0.05% triton- X 100 pH 6. Tis-
sue was blocked with 10% normal donkey serum, followed
by overnight incubation at 4 °C with primary antibodies
SEZ6L2 (1:100, Sigma HPA064471), SLC2A13 (1:100,
Sigma HPA061679), TPH2 (1:250, Abcam ab121013),
SHT1A (1:100, Abcam ab227165), and SHT2A (1:100,
Santa Cruz sc-166775). After washes, sections were incu-
bated with corresponding secondary antibodies, donkey anti-
goat Alexa-Fluor 488, donkey anti-rabbit Alexa-Fluor 647,
donkey anti-mouse Alexa-Fluor 647 (1:500, ThermoFisher).
Sections were counterstained with DAPI (Sigma D9542)
and coverslipped. Whole slide images were acquired using
a Leica Aperio Versa 8 Scanner at 20X magnification with
the same settings for each slide, including representative
images. There were 1-4 images for midbrain dorsal raphe
and 1-2 images for medullary raphe or ventrolateral medulla
collected for each case, excluding any tissue artifact. Images
were analyzed in Fiji Image] with the same binary threshold
for all images to determine the number of positive pixels in
each ROI corresponding to regions analyzed by proteom-
ics, an average percentage of the total image area. From the
same images, colocalization analyses were performed to
determine the Mander coefficient for each channel with the
Colocalization Threshold plugin in Fiji Image]. The same
ROIs and thresholds for the single channel analyses were
used to calculate the Mander coefficient [13]. The Mander
coefficient was averaged across available images for each
case, followed by statistical comparison in each channel (i.e.
SUDC-FS (red) vs SUDC-noFS (red); SUDC-FS (green)
vs SUDC-noFS (green)). Unpaired t-tests were performed
for statistical analysis, with p <0.05 considered significant.

Results
Case history

SUDC cases were evaluated with FS history (SUDC-
FS; n=11) and without FS history (SUDC-noFS; n=8;
Tables 1, 2, Supplementary Table 1), with no significant age
difference; most SUDC-FS cases were female. Among the
SUDC-ES cases, 2 cases had complex FS and the remaining
9 cases had simple FS. FS onset averaged 20 months of age
(range 13—-30 months), and FS history duration averaged 13
(range 0.5-26.6 months). FS occurred within three months
of death in 3 cases. Fever within 24 h of death occurred
in 4/11 SUDC-FS and 2/8 SUDC-noFS cases (p >0.99,
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Fisher’s exact test). Fever within 72 h of death occurred in
6/11 SUDC-FS and 3/8 SUDC-noFS cases (p =0.65). Virus
was detected in 3/10 SUDC-FS and 1/7 SUDC-noFS cases
when tested (p =0.60). Neuropathology was unremarkable
in all cases; no brainstem diagnostic macroscopic or micro-
scopic abnormalities were identified.

Proteomics differential expression analysis

The midbrain dorsal raphe, medullary raphe, and ven-
trolateral medulla were microdissected when available
(Fig. la—c). PCA did not indicate segregation by FS history
in any brain regions (Fig. 1d-f). There were several cases
with more variability within a group, with one SUDC-FS
case indicating more differences than other cases in both
medullary regions. In the midbrain dorsal raphe from
SUDC-FS (n=9) and SUDC-noFS (n=7), 2813 proteins
were detected in>50% of the groups (Supplementary
Table 2). In the medullary raphe from SUDC-FS (n=9) and
SUDC-noFS (n=8), 2819 proteins were detected in > 50%
of the groups (Supplementary Table 3). In the ventrolateral
medulla from SUDC-FS (n=11) and SUDC-noFS (n=2_8),
there were 2826 proteins detected in >50% of one of the
groups (Supplementary Table 4).

Differential expression analysis between SUDC-FS and
SUDC-noFS (p <0.05) identified 178 altered proteins in the
midbrain dorsal raphe, 344 proteins in the medullary raphe,
and 100 proteins in the ventrolateral medulla (Fig. 1g—i, Sup-
plementary Tables 2, 3, 4). Tables 3, 4, 5 summarize the top
20 significant proteins in each brain region. From cell type
annotations, most proteins were “Undefined”; i.e., expressed
by multiple cell types or unknown. Among annotated pro-
teins, neuronal proteins were most commonly altered in the
midbrain dorsal raphe (11/13), medullary raphe (30/35), and
the ventrolateral medulla (7/10).

We compared these SUDC cases to control cases in the
frontal cortex and hippocampus [44]. An additional analysis
of the SUDC cases in these brain regions when comparing
SUDC-FS and SUDC-noFS identified altered proteins in
frontal cortex (218 proteins), dentate gyrus (107), and hip-
pocampal CA1-3 (51, p<0.05, Supplementary Tables 8, 9,
10, Supplementary Fig. 1).

Signaling pathway analysis

In the midbrain dorsal raphe, the 178 altered proteins were
associated with 90 signaling pathways (p value of over-
lap < 0.05; Supplementary Table 5); Fig. 2a shows the top
20 significant pathways. Most significantly, eukaryotic trans-
lation initiation was increased in SUDC-FS (p=3.09x 1077,
z=1.00), in addition to other protein translation-related
signaling pathways. Although TPH2 was detected (and
similar in brainstem regions, Supplementary Tables 2,
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Table 3 Top 20 significant proteins in midbrain dorsal raphe of SUDC-FS vs. SUDC-noFS

Gene ID Protein name UniProt ID p value Fold change
Increased
DUSP3 Dual specificity protein phosphatase 3 P51452 1.88E—-04 1.6
HNRNPF Heterogeneous nuclear ribonucleoprotein F P52597 1.96E-03 2.5
DIABLO Diablo homolog, mitochondrial QI9NR28 2.92E-03 1.6
TTR Transthyretin P02766 2.95E-03 3.1
VPS45 Vacuolar protein sorting-associated protein 45 QINRW7 3.64E-03 15.0
RPS3 40S ribosomal protein S3 P23396 5.89E-03 1.3
NDUFBS5 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 043674 5.92E-03 22
5, mitochondrial
Decreased
SOD1 Superoxide dismutase [Cu—Zn] P00441 2.29E-04 1.7
TSTA3 GDP-L-fucose synthase Q13630 1.47E-03 1.3
SYNGR3 Synaptogyrin-3 043761 2.23E-03 1.6
PRRT3 Proline-rich transmembrane protein 3 Q5FWE3 2.31E-03 14
PARK?7 Parkinson disease protein 7 Q99497 3.44E-03 1.4
MAP4K4 Mitogen-activated protein kinase kinase kinase kinase 4 095819 3.74E-03 1.9
ANXA7T Annexin A7 P20073 3.77E-03 1.3
SLC2A13 Proton myo-inositol cotransporter Q96QE2 3.97E-03 24.9
CLASP1 CLIP-associating protein 1 Q77460 4.39E-03 1.6
MAPT Microtubule-associated protein tau P10636 4.45E-03 1.5
TXN Thioredoxin P10599 4.56E-03 1.6
LSAMP Limbic system-associated membrane protein Q13449 5.04E-03 1.6
ISYNAI1 Inositol-3-phosphate synthase 1 QONPH2 5.61E-03 1.7
Table'4 Top 20 significant Gene ID Protein name UniProt ID p value Fold change
proteins in medullary raphe of
SUDC-FES vs. SUDC-noFS Increased
RPS8 40S ribosomal protein S8 P62241 1.74E-05 1.3
PHB Prohibitin P35232 4.12E-05 1.2
SEZ6L2 Seizure 6-like protein 2 Q6UXDS  4.75E-05 3.9
CCT7 T-complex protein 1 subunit eta Q99832 1.44E-04 13
RACK1 Receptor of activated protein C kinase 1 P63244 147E-04 14
RPL28 60S ribosomal protein L28 P46779 271E-04 14
ERP44 Endoplasmic reticulum resident protein 44 Q9BS26 354E-04 1.3
RPL12 60S ribosomal protein L12 P30050 4.07E-04 14
PCCA Propionyl-CoA carboxylase alpha chain, mito- P05165 533E-04 1.2
chondrial
VAMP2 Vesicle-associated membrane protein 2 P63027 6.15E-04 1.7
CCT3 T-complex protein 1 subunit gamma P49368 7.86E-04 1.1
ATP6VID  V-type proton ATPase subunit D Q9YS5KS 8.20E-04 1.2
FARSA Phenylalanine—tRNA ligase alpha subunit Q9Y285 8.52E-04 1.6
RPSI11 40S ribosomal protein S11 P62280 9.14E-04 14
RPSA 40S ribosomal protein SA P08865 1.16E-03 1.2
RPS19 40S ribosomal protein S19 P39019 1.31E-03 13
CCTS8 T-complex protein 1 subunit theta P50990 1.35E-03 1.1
RPL36 60S ribosomal protein L36 Q9Y3US8 1.37E-03 1.5
LMANI1 Protein ERGIC-53 P49257 1.38E-03 24
Decreased
AGPAT1 1-acyl-sn-glycerol-3-phosphate acyltransferase Q99943 9.84E-04 2.1

alpha
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TabIeIS Top 20 significant Gene ID Protein name UniProt p value Fold change
proteins in ventrolateral medulla D
of SUDC-FS vs. SUDC-noFS

Increased

GRHPR Glyoxylate reductase/hydroxypyruvate reductase  Q9UBQ7  3.29E-04 1.2
COX6B1 Cytochrome c oxidase subunit 6B1 P14854 1.34E-03 1.6
FKBP1B Peptidyl-prolyl cis—trans isomerase FKBP1B P68106 4.19E-03 1.3
F2 Prothrombin P00734 7.03E-03 14
TMOD1 Tropomodulin-1 P28289 7.06E-03 14
DNAJA4 Dnal homolog subfamily A member 4 Q8WW22  9.00E-03 1.2
DNAIJCI11 Dnal homolog subfamily C member 11 Q9NVHI  9.03E-03 1.2
Decreased

SERPINA1  Alpha-1-antitrypsin P01009 1.86E-03 1.5
PCP4L1 Purkinje cell protein 4-like protein 1 A6NKN8  2.25E-03 1.8
MARCKS Myristoylated alanine-rich C-kinase substrate P29966 447E-03 14
SNCA Alpha-synuclein P37840 5.75E-03 1.3
PKP1 Plakophilin-1 Q13835 6.85E-03 2.6
BLMH Bleomycin hydrolase Q13867 6.95E-03 1.3
RAB12 Ras-related protein Rab-12 Q6I1Q22 7.63E-03 1.5
PKP4 Plakophilin-4 Q99569 8.01E-03 1.5
GAP43 Neuromodulin P17677 9.42E-03 1.6
HPX Hemopexin P02790 1.03E-02 1.6
SAFB Scaffold attachment factor B1 Q15424 1.18E-02 1.6
G3BP2 Ras GTPase-activating protein-binding protein 2 ~ Q9UNS86 1.LI9E-02 1.3
PARP1 Poly [ADP-ribose] polymerase 1 P09874 122E-02 14

3, 4), serotonin receptors were not detected in any brain
region analyzed. Serotonin receptor signaling was not
altered in SUDC-FS (p=1.36 X 107!, z=-— 0.82). Several
inflammation-related pathways were associated with pro-
tein differences, increased most significantly in the SUDC-
noFS versus SUDC-FS cohorts for granzyme A signaling
(p=1.95%x107, z=— 0.82). Hypoxia may play a role in
SUDC cases; HIF1A signaling was increased in SUDC-
noFS (p=2.04x 1072, z=— 0.45).

In the medullary raphe, the 344 altered proteins were
associated with 201 signaling pathways (Supplementary
Table 6); Fig. 2b shows the top 20 significant pathways.
Most significantly, eukaryotic translation elongation was
increased in SUDC-FS (p=6.31x10"*, z=6.01), in addi-
tion to other protein translation-related signaling pathways.
Serotonin receptor signaling was not altered in SUDC-FS
(p=7.599% 1072, z=— 0.30). Several inflammation-related
signaling pathways were associated with altered proteins
most significantly with increased neutrophil degranula-
tion in the SUDC-FS group (p=4.07x 1077, z=1.04) and
increased acute phase response in the SUDC-noFS group
(p=1.38x107, z=— 2.65). HIF1A signaling was increased
in SUDC-noFS (p=5.37x107, z=— 0.58).

In the ventrolateral medulla, the 100 altered proteins
were associated with 82 signaling pathways (Supplementary
Table 7), and the top 20 significant pathways are depicted

@ Springer

in Fig. 2c. Most significantly, coagulation system was
increased in SUDC-FS (p=1.32x 107, z= 1.00). Seroto-
nin receptor signaling was mildly increased in SUDC-FS
(p=4.57x 1072, z= 0.44). Several inflammation-related
pathways were associated with altered proteins, particu-
larly within the SUDC-noFS group most significantly for
neutrophil degranulation (p =2.82 X 107, z= 0.00), and
increased acute phase response in the SUDC-noFS group
(p=1.20x 107, z=— 1.00). HIF1A signaling was mildly
altered (p=5.75x 1072, z=NA).

Compared to other brain regions [44], signaling path-
ways associated with altered proteins in SUDC-FS ver-
sus SUDC-noFS were identified (Supplementary Fig. 1,
Supplementary Tables 11, 12, 13). Top significant path-
ways included selenoamino acid metabolism decreased
in SUDC-FS frontal cortex (p=3.47x 107, z=-— 3.32),
mitochondrial dysfunction increased in SUDC-FS den-
tate gyrus (p=4.27x 1078, z=2.11), and Gene and protein
expression by JAK-STAT signaling after IL-12 stimulation
mildly altered in the hippocampal CA1-3 (p=6.61x 107>,
z=NA). Serotonin receptor signaling was decreased in fron-
tal cortex (p=1.02 % 1072, z=— 1.90), and not different in
dentate gyrus (p=5.75x 1072, z=— 1.34) or hippocampal
CAI-3 (p=6.32x% 107!, z=NA). Several inflammation-
related pathways were associated with protein differences
including increased neutrophil degranulation in SUDC-noFS
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Fig.2 Signaling pathways associated with differentially expressed proteins in
the brainstem. a in the midbrain dorsal raphe, 90 signaling pathways (p value
of overlap <0.05) were associated with the altered proteins, b in the medul-
lary raphe, 201 signaling pathways were associated with the altered proteins,
c in the ventrolateral medulla, 82 signaling pathways were associated with
altered proteins. The top 20 significant signaling pathways are depicted. Color
indicates z-score, with red increased and blue decreased. The ratio of proteins
altered in a pathway are indicated by circle size

frontal cortex (p=6.92 % 1078 z=— 4.36), increased neu-
trophil extracellular trap signaling pathway in SUDC-noFS
in dentate gyrus (p=4.07x 107, z=— 2.12), and mildly
altered neutrophil degranulation in the hippocampal CA1-3
(p=4.79% 10, z=— 0.82). In the frontal cortex, there was
increased HIF1A signaling in SUDC-noFS (p=2.9x 1073,
z=-— 1.13) as well as cellular response to hypoxia
(p=4.7x107%, z=— 1.00, Supplementary Table 11). HIF1A
signaling was not altered in the two hippocampal regions
evaluated (Supplementary Tables 12, 13).

When comparing all six brain regions evaluated by FS
history, 62 signaling pathways were altered in >2 brain
regions with at least one region impacted by fold-change
as reflected by z-score (Fig. 3). Among the 62 pathways,
three pathways were altered in five brain regions: neutrophil
degranulation, synaptogenesis signaling pathway, and RHO
GTPase cycle.

Brain region comparative analyses

Among significantly altered proteins in each brainstem
region, there was no overlap of proteins in all three regions
analyzed and some overlap when comparing two brain
regions (Supplementary Fig. 2a). When comparing signifi-
cantly altered proteins in at least one region, there was a
poor negative correlation in the midbrain dorsal raphe and
medullary raphe (p=0.0077, R=0.014; Fig. 2b). Most pro-
teins (60%; 294/493) were changing in different fold-change
directions, and 40% of proteins (199/493) were changing
in the same direction. There was no correlation of protein
levels between the midbrain dorsal raphe and ventrolateral
medulla (p=0.40, R>=0.0027; Supplementary Fig. 2c).
There were 56% (154/273) of proteins changing in the same
fold-change direction, and 44% (119/273) of proteins in the
opposite direction. When comparing the medullary raphe
and ventrolateral medulla, there was a poor positive correla-
tion (2 <0.0001, R?>=0.062; Supplementary Fig. 2d). There
were 65% (274/421) of proteins changing in the same fold-
change direction, and 35% (147/421) of proteins changing
in the opposite direction.

When comparing each brainstem region to previously
analyzed frontal cortex and hippocampus, there were poor
correlations or no correlations between all brain regions
(Supplementary Fig. 3). These poor correlations reflect
brain region specific protein expression and unique protein
changes by region associated with FS history.

Immunofluorescent analyses
Top candidate proteins were evaluated by IF from among the

most significantly altered proteins identified by proteomics,
as well as the serotonin receptors SHT1A and SHT2A that
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«Fig. 3 Signaling pathways altered in multiple brain regions. Among
the six brain regions (DR=dorsal raphe, MR =medullary raphe,
VLM =ventrolateral medulla, FC=frontal cortex, DG =dentate
gyrus, HP =hippocampal CA1-3) evaluated in SUDC, there were 62
signaling pathways that were significantly altered in at least 2 brain
regions (p value) and impacted by fold-change in at least one brain
region (z-score). Pathways are sorted by most significant in the med-
ullary raphe. Z-score is indicated by color, increased (red), decreased
(blue). P value of overlap is indicated for the signaling pathways at
p<0.05

are implicated in SIDS and SUDEP [31, 33, 38] and thus
may play a role in SUDC.

Tables 3, 4, 5 show the proteins with the highest fold-
change included SLC2A13 in the midbrain dorsal raphe and
SEZ6L?2 in the medullary raphe. SLC2A13 (also known as
HMIT, proton H+ myo-inositol symporter) was decreased
24.9-fold in SUDC-FS by proteomics (p =3.97 x 107%),
which showed a similar trend by IF from percent positive
area with a 1.5-fold decrease in the midbrain dorsal raphe
(p=0.23, Fig. 4). SEZ6L2 (Seizure Related 6 Homolog
Like 2, also known as BSRP-A brain specific receptor-like
proteins-A) was increased 3.9-fold in SUDC-FS by prot-
eomics (p=4.75% 10’5), which showed a similar trend
by IF from percent positive area with a 1.3-fold increase
(p=0.49, Fig. 4). SLC2A13 and SEZ6L2 were present
in some TPH2(+) cells, as well as in other neighboring
TPH2(-) cells. Colocalization analyses showed a moderate
correlation by Mander coefficient of TPH2 (green channel)
to SLC2A13 (red channel), with a lower correlation identi-
fied in the SUDC-FS group when compared to the SUDC-
noFS group (p=0.026; Fig. 4d). This reflects the lower level
of SLC2A13 in SUDC-FS, which is present predominantly
in TPH2(+) cells. For SEZ6L2, colocalization analyses
showed no difference between SUDC-FS and SUDC-noFS
in either channel.

Serotonin receptors SHT1A and SHT2A were evalu-
ated by IF in the brainstem regions of interest. These pro-
teins were not detected by proteomics but may play a role
in SUDC. In the midbrain dorsal raphe, SHT1A (p=0.77)
and SHT2A (p=0.29) were not different when compar-
ing SUDC-FS and SUDC-noFS (Fig. 5). In the medullary
raphe, SHT2A (p =0.025) was 2.1-fold increased in SUDC-
FS, while SHT1A (p=0.83) was not different (Fig. 6). In
the ventrolateral medulla, SHT1A (p=0.53) and SHT2A
(p=0.29) were not different (Fig. 7). Variability was
observed within groups, which may reflect the level of the
brainstem sampled, protein specific changes in the region,
and heterogeneity of case history and mechanisms of death.
In all brain regions, both SHT1A and SHT2A receptors were
present in TPH2(+) cells or other neighboring TPH2(-)
cells as has been previously observed [6, 7, 35, 54, 55] and
colocalization did not differ by FS history (Figs. 5, 6, 7).
There was less colocalization of SHT2A and TPH2 in all

brainstem regions, as reflected by a lower correlation or no
correlation by Mander coefficient. TPH2 was not different
by proteomics or by IF in any brainstem region analyzed
(Supplementary Tables 2, 3, 4, Figs. 4, 5, 6, 7).

Correlation to clinical history

To identify proteins that may correlate with clinical features,
a WGCNA was performed in each brain region (Fig. 8, Sup-
plementary Fig. 4, Supplementary Tables 14, 15, 16). The
most significant protein clusters identified were correlated to
FS history duration, which was most significantly correlated
to protein levels in the ventrolateral medulla as well as in
the medullary raphe. In the ventrolateral medulla, the most
significantly correlated protein cluster was associated with
FS history duration (p =1.60 X 1077, corr=— 0.90) and was
related to decreased synaptic vesicle cycle from the top GO
BP term (FDR < 5% with at least 5 proteins, Supplementary
Table 16). In the medullary raphe, the most significantly
correlated protein cluster was associated with FS history
duration (p =9.80 X% 1073, corr=— 0.80) and was associ-
ated with decreased aerobic respiration (Supplementary
Table 15). Serotonin receptor (SHT1A and SHT2A) IF levels
were assessed for correlation to protein clusters. Fifteen pro-
tein clusters correlated to serotonin receptor levels, and one
cluster with a significant GO BP term in the medullary raphe
related the higher SHT2A levels with higher extracellular
matrix organization proteins (p=3.93 x 1072, corr=— 0.50).
The midbrain dorsal raphe had fewer modules associated
significantly with case history (Supplementary Table 14).
From the previously analyzed brain regions, case history
had fewer correlations with GO BP terms (Supplementary
Figs. 5, 6, Supplementary Tables 17, 18, 19).

Discussion

We identified protein differences in brainstem regions when
comparing SUDC cases with FS versus those without FS,
particularly in the medullary raphe. The most robust protein
differences were associated with increased protein transla-
tion-related signaling pathways in the medullary raphe and
to a lesser extent in the midbrain dorsal raphe. The seroto-
nin receptor SHT2A was increased in the medullary raphe
histologically. In SUDC-noFS cases, there was increased
inflammation-related and HIF1A signaling pathways in the
brainstem relative to the SUDC-FS cases. Overall, protein
differences in SUDC were identified in brain regions related
to respiratory function and arousal.

The medullary raphe had the most protein differences
identified in SUDC-FS across the six brain regions ana-
lyzed, most significantly associated with increased protein
translation-related signaling pathways. Increased protein
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translation-related signaling pathways were observed to  in SUDC-FS, and the increases were typically less than
a lesser extent in the midbrain dorsal raphe, decreased  two-fold in the medullary raphe relative to SUDC-noFS.
in the frontal cortex, and not altered in hippocampus. Our previous study [44] is the only human SUDC-FS
There was strong enrichment for many ribosome proteins  brain tissue proteomic analysis. Altered ribosomal func-
among the protein translation-related signaling pathways  tion has been associated with seizures [21, 26, 74], cell
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«Fig.4 Histological localization and quantification of top protein can-
didates SLC2A13 and SEZ6L2 in the brainstem. a By LC-MS/MS in
the midbrain dorsal raphe, SLC2A13 was among the top significant
proteins and had the largest fold change with a 24.9-fold decrease in
SUDC-FS when compared to SUDC-noFS (p=3.97x107), b IF for
SLC2A13 in the midbrain dorsal raphe showed a similar trend with a
1.5-fold decrease in SUDC-FS (p =0.23) from semiquantitative anal-
ysis, ¢ IF for TPH2 on the same slides for SLC2A13 in the midbrain
dorsal raphe showed no difference between SUDC-FS and SUDC-
noFS, similar to proteomics, d colocalization analysis of SLC2A13
and TPH2 in the midbrain dorsal raphe showed a moderate correla-
tion by Mander coefficient of the green channel (TPH2), which was
different between SUDC-FS and SUDC-noFS (p=0.026). There was
a higher correlation in the red channel (SLC2A13) for both SUDC-FS
and SUDC-noFS. e By LC-MS/MS in the medullary raphe, SEZ6L.2
was among the top significant proteins and had the largest fold
change with a 3.9-fold increase in SUDC-FS (p=4.75x 107), f IF for
SEZ6L2 in the medullary raphe showed a similar trend with a 1.3-
fold increase (p =0.49) from semiquantitative analysis, g IF for TPH2
on the same slides for SEZ6L?2 in the medullary raphe showed no dif-
ference between SUDC-FS and SUDC-noFS, similar to proteomics, h
colocalization analysis of SEZ6L.2 and TPH2 in the medullary raphe
showed a low correlation in the red channel and moderate correlation
in the green channel, which was not different between SUDC-FS and
SUDC-noFS, i representative images from IF in the midbrain dorsal
raphe are shown for SLC2A13 (red) and TPH2 (green) in SUDC-FS
and SUDC-noFS. TPH2 indicates the region with serotonergic neu-
rons that was microdissected for proteomic analysis. SLC2A13 was
present in TPH2(+) cells, as well as in other neighboring TPH2(—)
cells, j representative images from IF in the medullary raphe are
shown for SEZ6L2 (red) and TPH2 (green) in SUDC-FS and SUDC-
noFS. TPH2 indicates the region with serotonergic neurons that
was microdissected for proteomic analysis. SEZ6L2 was present in
TPH2(+) cells, as well as in other neighboring TPH2(—) cells. Scale
bar 100 um. Error bars indicate SEM

stress response influenced ribosome protein levels [58,
62]. We observed increased protein translation-related
proteins in epilepsy from the hippocampal CA1-3 region
[37, 59] but not brainstem [43]. Altered ribosome func-
tion may remodel the local proteome [10] and influence
neuronal growth and synaptic plasticity that could con-
tribute to epileptogenesis in hippocampus and forebrain
of chronic animal epilepsy models [74]. Thus, our results
in SUDC-FS identified differences in translation proteins
in the brainstem and frontal cortex, but not in the hip-
pocampus of these same cases, differently than is seen in
adult epilepsy [43, 59]. To better define how these pro-
teomic differences may relate to SUDC mechanisms of
death, it will be of interest to evaluate whether these med-
ullary protein translation-related signaling pathways can
be a protective compensatory response or whether these
protein differences are associated with increased risk for
dysregulation. These protein translation-related proteins
should be characterized further in future mechanistic stud-
ies to understand how these protein differences relate to
the many other protein differences observed in this brain
region, particularly including those proteins related to

the chemosensitive respiratory response in the medullary
raphe may be critical.

Serotonergic related dysfunction may occur in SUID/
SIDS and SUDEP [12, 38, 57, 77], thus may be involved
in SUDC. In our study, serotonin SHT2A receptor was
increased in the medullary raphe histologically, and sero-
tonin receptor signaling was mildly altered in two brain
regions as detected by proteomics (increased ventrolateral
medulla, decreased frontal cortex). Further, there was vari-
ability in the serotonin receptor expression levels that may
reflect group heterogeneity, including high perivascular
SHT2A observed in the midbrain dorsal raphe of one SUDC-
noFS case. SHT2A is expressed by multiple cell types in the
brain, including neurons, glia, and in cell types of the vascu-
lature [5, 46, 49]. We previously identified increased SHT2A
levels in resected hippocampus from epilepsy patients, with
a positive correlation to prolonged postictal generalized
EEG suppression (PGES) that is associated with increased
SUDERP risk [38]. Serotonin receptors influence seizure
activity, arousal response, respiratory function, and SHT2A
antagonists decrease seizure frequency in animal models [3,
15, 18, 73]. The functional implications and associations
of increased medullary SHT2A with SUDC risk should be
evaluated further.

From our brainstem proteomics results, two top protein
candidates, SLC2A13 and SEZ6L2, were identified in asso-
ciation with FS. In the midbrain dorsal raphe, SLC2A13
was 24.9-fold decreased in SUDC-FS. This protein was
decreased 11.5-fold in the medullary raphe, but not different
in the ventrolateral medulla, and not detected in the frontal
cortex or hippocampal regions. By IF, SLC2A13 was pre-
dominantly localized in TPH2(+) cells and was at a lower
level in SUDC-FS cases in the midbrain dorsal raphe. We
previously found a small increase in this protein in frontal
cortex but not in hippocampus when comparing epilepsy and
control cases [43, 59]. SLC2A13 is involved in exocytosis at
synapses and growth cones [72], and it is a gamma-secretase
associated protein that positively regulates amyloid beta pro-
duction [68]. In the medullary raphe, SEZ6L2 was 3.9-fold
increased in SUDC-FS. This protein was not different in
other brain regions, nor in epilepsy or SUDEP brain regions
[43, 59]. Physiological functions of SEZ6L2 may include a
role in neuronal differentiation with secreted soluble forms
of SEZ6L2 produced via cathepsin D, and modulation of
AMPA receptors by binding to glutamate receptor 1 and
adducin [8, 75]. Triple knockout mouse models of the SEZ6
family members (SEZ6/SEZ6L/SEZ61.2) have decreased pro-
tein kinase C phosphorylation and motor dysfunction [50];
knockout mouse models of SEZ6 increased seizure thresh-
old [19]. Decreased or disrupted SEZ6L2 protein levels by
autoantibodies were associated with paraneoplastic cerebel-
lar ataxia [14, 29], genetic variants in the SEZ6 gene family
may be associated with febrile seizures [52], and SEZ6L2
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Fig.5 Serotonin SHT1A and 5HT2A receptor histological localiza-
tion and quantification in the midbrain dorsal raphe. From IHC semi-
quantitative analysis, there was no difference in a serotonin receptor
SHTIA (p=0.77) when comparing SUDC-FS and SUDC-noFS, b
TPH2 from IF on the same tissue sections with SHT1A was evalu-
ated in colocalization analyses, ¢ colocalization analysis of SHT1A
and TPH2 showed a moderate correlation by Mander coefficient of
the red and green channels, with no difference between SUDC-FS
and SUDC-noFS, d there was no difference in serotonin receptor
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SHT2A (p=0.29) when comparing SUDC-FS and SUDC-noFS, e
TPH2 from IF on the same tissue sections with SHT2A was evalu-
ated in colocalization analyses, f colocalization analysis of SHT2A
and TPH2 showed lower correlations in the red and green channels,
with no difference between SUDC-FS and SUDC-noFS. Representa-
tive images from IF are shown for SHT1A (red) g, SHT2A (red) h,
and TPH2 (green) in SUDC-FS and SUDC-noFS. TPH2 indicates the
region with serotonergic neurons that was microdissected for prot-
eomic analysis. Scale bar 100 um. Error bars indicate SEM
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Fig.6 Serotonin SHT1A and 5HT2A receptor histological localiza-
tion and quantification in the medullary raphe. From IF semiquan-
titative analysis, there was no difference in a serotonin receptor
SHTIA (p=0.83) when comparing SUDC-FS and SUDC-noFS, b
TPH2 from IF on the same tissue sections with SHT1A was evalu-
ated in colocalization analyses, ¢ colocalization analysis of SHT1A
and TPH2 showed a low correlation by Mander coefficient in the red
channel and a moderate correlation in the green channel, with no dif-
ference between SUDC-FS and SUDC-noFS d serotonin receptor

was proposed as a CSF biomarker distinguishing idiopathic
normal pressure hydrocephalus from Alzheimer’s disease
[70]. It will be of interest to further characterize SLC2A13
and SEZ6L2 in the context of development, FS, respiration

SHT2A was 2.1-fold increased (p=0.025) when comparing SUDC-
FS and SUDC-noFS, e TPH2 from IF on the same tissue sections
with SHT2A was evaluated in colocalization analyses, f colocaliza-
tion analysis of SHT2A and TPH2 showed no correlation of the red
and green channels. Representative images from IF are shown for
SHT1A (red) g, SHT2A (red) h, and TPH2 (green) in SUDC-FS and
SUDC-noFS. TPH2 indicates the region with serotonergic neurons
that was microdissected for proteomic analysis. Scale bar 100 um.
Error bars indicate SEM

regulation, and SUDC risk, including follow up mechanis-
tic studies and whether increased SEZ6L.2 brain, CSF, or
neuron derived plasma levels may function as a biomarker
of FS.
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Fig.7 Serotonin SHT1A and 5HT2A receptor histological localiza-
tion and quantification in the ventrolateral medulla. From IF semi-
quantitative analysis, there was no difference in a serotonin receptor
SHTIA (p=0.53) when comparing SUDC-FS and SUDC-noFS, b
TPH2 from IF on the same tissue sections with SHT1A was evalu-
ated in colocalization analyses, ¢ colocalization analysis of SHT1A
and TPH2 showed a low correlation by Mander coefficient in the red
channel and a moderate correlation in the green channel, with no dif-
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ference between SUDC-FS and SUDC-noFS, d There was no differ-
ence in serotonin receptor SHT2A (p =0.29) when comparing SUDC-
FS and SUDC-noFS, e TPH2 from IF on the same tissue sections
with SHT2A was evaluated in colocalization analyses, f colocaliza-
tion analysis of SHT2A and TPH2 showed no correlation of the red
and green channels. Representative images from IHC are shown for
SHT1A (red) g, SHT2A (red) h, and TPH2 (green) in SUDC-FS and
SUDC-noFS. Scale bar 100 um. Error bars indicate SEM
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Fig.8 WGCNA of case history in midbrain dorsal raphe, medullary
raphe, and the ventrolateral medulla. A correlation analysis of case
history variables to proteomics indicated significant modules and
associated GO BP annotations in the a midbrain dorsal raphe, b med-
ullary raphe, and ¢ ventrolateral medulla. Modules are clustered by
eigenprotein adjacency (relatedness to other modules) on the left.
Name of module is indicated by “M-color” and corresponding color

block. P values are indicated for those modules with p<0.05 corre-
lation. Positive correlation is indicated in red and negative correla-
tion in blue. Top module GO BP annotations are noted on the right
(FDR <5% with at least 5 proteins) and detailed in Supplementary
Tables 14, 15, 16. Several modules did not have a significant GO BP
annotation and are noted as “n.s.”=not significant. FS =febrile sei-
zure. FS duration=FS history duration
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FS history duration correlated significantly with protein
expression levels in SUDC cases. Top correlated proteins
with FS history duration were associated with a negative
correlation to synaptic vesicle cycle proteins in the ventrolat-
eral medulla and negative correlation to aerobic respiration
in the medullary raphe. Common to both medullary regions
was a negative correlation to humoral immune response
in association with longer FS history duration. There was
little to no correlation of protein levels and GO biological
processes with other clinical features. Overall, the medulla
showed strong associations with FS case history and should
be evaluated further to determine how these findings may be
associated with neurodevelopment and SUDC risk.

In SUDC-noFS, there were increased brainstem inflam-
mation-related and HIF1A signaling pathways relative to
SUDC-FS cases, which we observed in other brain regions
in this study and compared to control cases [44]. In our pre-
vious epilepsy proteomic studies, these pathways were not
altered in any brain region when comparing non-SUDEP
epilepsy to SUDEP or control cases [40, 43, 59]. Thus, when
comparing SUDC-noFS to SUDC-FS, there were protein
differences associated with inflammatory processes and
hypoxia signaling, particularly in the brainstem and frontal
cortex but not in the hippocampus. Future studies should
determine how these protein differences are associated with
mechanisms of death in SUDC-noFS, including how protein
differences vary in this potentially heterogeneous group.

There were some limitations in the study. Control cases
with an explained cause of death did not have sufficient
brainstem tissue available for comparison to SUDC cases
and future studies should explore this group and FS cases
with an explained COD. Some variability was observed
within the SUDC groups, which may reflect variations in
the level of the brainstem sample available, protein spe-
cific changes in the brain region related to case history, and
heterogeneity of clinical features and related mechanisms
of death. Further, cases were evaluated for known FS his-
tory, thus unwitnessed febrile seizure(s) that may occur as
a terminal seizure during a sleep period may occur and also
be associated with different protein changes [17], thus it is
of interest to identify biomarkers of FS. Previous studies
[31, 33] have included receptor binding and serotonin levels
which were not assessed in this study. From the proteomic
technique used, there can be lower or no detection of large
membrane proteins and proteins with low abundance.

In conclusion, after evaluating six brain regions, most
protein differences when comparing SUDC-FS and SUDC-
noFS were in the medullary raphe and were related to a
shift in protein translation-related signaling pathways. Fur-
ther, serotonin SHT2A receptor was increased in the med-
ullary raphe. Future studies should assess whether these
protein differences impair neurodevelopment and whether
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the result of FS history alters proteins further to increase
SUDC risk.
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