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Abstract
Objectives: Dysfunctional connectivity and preexisting structural abnormali-
ties of central autonomic network (CAN) regions have been shown on magnetic 
resonance imaging (MRI) in sudden unexpected death in epilepsy (SUDEP) and 
may be mechanistically relevant. In a previous postmortem study we reported 
increased microglia in CAN regions, including the superior temporal gyrus (STG) 
in SUDEP. In this current study we investigated mammalian target of rapamy-
cin (mTOR) pathway activation and neuronal c-Fos activation in CAN regions in 
SUDEP compared to control groups.
Methods: In a series of 59 postmortem cases (SUDEP, n = 26; epilepsy controls 
[EPCs], n = 14; and nonepilepsy controls [NECs], n = 19), we quantified pS6-
240/4, pS6-235/6 (markers of mTOR activation) and c-Fos neuronal densities and 
labeling index in the STG, anterior cingulate, insula, frontobasal, and pulvinar re-
gions using immunohistochemistry with whole-slide automated image analysis.
Results: Significantly more pS6-positive neurons were present in the STG in 
cases with a history of recent seizures prior to death and also in SUDEP compared 
to other cause of death groups. No differences were noted for c-Fos neuronal labe-
ling in any region between cause of death groups. Cortical neuronal hypertrophy 
in the STG was observed in some SUDEP cases and associated with pS6-240/4 
expression. pS6-235/6 highlighted neuronal intranuclear inclusions, mainly in 
SUDEP cases and in the STG region.
Significance: Neuronal labeling for pS6 in the STG correlated with both seizure 
activity in the period prior to death and SUDEP. Further investigations are re-
quired to explore the significance of this region in terms of autonomic network 
dysfunction that may increase the vulnerability for SUDEP.
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1   |   INTRODUCTION

Current theories propose that sudden unexpected death 
in epilepsy (SUDEP) may be precipitated by a suppression 
or dysfunction of autonomic systems that regulate respira-
tory and cardiac functions occurring at around the time 
of a seizure. Recent attention has focused on the central 
autonomic networks (CANs), which modulate vital brain-
stem centers. CANs are interconnected cortical and sub-
cortical networks that enable adaptation to physiological 
challenges, and knowledge of specific functions associated 
with brain regions continues to evolve through functional 
imaging, tractography, as well as stimulation studies.1–5

There is growing evidence from magnetic resonance 
imaging (MRI) studies in SUDEP for specific patterns of 
alteration in CAN regions, both representing potential 
risk biomarkers and of mechanistic relevance to under-
standing causation. Altered gray matter volumes have 
been reported in SUDEP, including in temporal, cingulate 
cortex, and thalamus,6–9 and altered connectivity between 
CAN regions on functional MRI (fMRI), suggesting dis-
organization of interconnections.6,10–12 Furthermore, elec-
trode stimulation studies in CAN regions in patients with 
epilepsy have provided important insights on regional cor-
tical autonomic functions of relevance in SUDEP.13–15

In a previous postmortem study of CAN in SUDEP, we 
noted higher microglial densities in the superior tempo-
ral gyrus (STG) and thalamic regions compared to con-
trol groups.16 In addition, we noted increased microglia 
in patients with reported recent seizures occurring in 
the 10 days prior to death. Recent seizures, including sei-
zure clusters,17 have been considered as a risk-factor for 
SUDEP. In the landmark mortality in epilepsy monitoring 
unit study reviewing SUDEP on monitoring units, one or 
more generalized seizure (GS) occurred in the 12 h prior 
to death in 12 of 16 cases.18 The mechanisms and relation-
ships between recent seizures and SUDEP are unclear but 
transient neuronal dysfunction, including reversible al-
terations of modulatory neuropeptides,19 may represent a 
period of vulnerability, particularly if involving the critical 
CAN regions.

Our aim was to investigate c-Fos, an early/immediate 
proto-oncogene and inducible transcription factor used to 
monitor temporospatial cellular injury including follow-
ing epileptiform activity20 in SUDEP postmortem cases. In 
parallel we investigated mammalian target of rapamycin 
(mTOR) pathway activation, which regulates diverse and 
critical cellular functions and is upregulated following 
seizures,21 using phosphorylation of the downstream ribo-
somal protein S6 as a surrogate marker of pathway activ-
ity.22 This would be investigated in selected CAN regions 
to explore any relationship to recent seizure histories and 
other clinicopathological factors.

2   |   METHOD

2.1  |  Case groups

SUDEP cases (n  =  26), primarily from adults, were ob-
tained through the Epilepsy Society Brain and Tissue 
Bank (ESBTB) at University College London (UCL). The 
study has been ethically approved and cases consented 
for use in research. All of the SUDEP cases were initially 
coroner's autopsies conducted for investigations into the 
cause of death and subsequently donated for research to 
the tissue bank. These included definite SUDEP cases, 
with four cases of possible/probable SUDEP according to 
criteria of Nashef.23 We included seven SUDEP cases, in 
which a degree of cortical neuronal hypertrophy had been 
noted during diagnostic evaluation on routine examina-
tion using hematoxylin and eosin (H&E), Cresyl violet/
Luxol fast blue and neurofilament stains. In none of these 
seven cases was there a clinical, neuroimaging or genetic 
diagnosis of focal cortical dysplasia during life. Neuronal 
hypertrophy was evident mainly in the STG region, with 
scattered enlarged neurons but without the hallmark pa-
thology criteria of cortical dyslamination, balloon cells, 
and white matter changes for a definitive diagnosis of 
focal cortical dysplasia.24 (Further detail in Table  S1).
Non-SUDEP epilepsy cases (n = 14) were used as a control 
groups, from the ESBTB and the ERUK Corsellis epilepsy 
brain collection, including a subset with documented re-
cent status epilepticus or seizures prior to death (epilepsy 
controls, EPCs). Nonepilepsy control (NEC) cases were 
obtained from the ESBTB and Medical Research Council 
(MRC) Edinburgh brain bank (n = 19). All postmortem 
cases were collected between 1971 and 2019 (summary 
group details are shown in Table 1 and further case details 

Key Points
•	 The superior temporal gyrus showed signifi-

cantly more mammalian target of rapamycin 
(mTOR) pathway activation in sudden unex-
pected death in epilepsy (SUDEP) postmortems 
compared to other groups.

•	 c-Fos and mTOR expression in other auto-
nomic regions, including the anterior cingulate, 
pulvinar, and insular cortex, did not distinguish 
SUDEP from other causes of death.

•	 The superior temporal gyrus showed increased 
microglial activation in a previous study, high-
lighting the potential relevance of this region to 
autonomic dysregulation in SUDEP.
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regarding epilepsy history, circumstances of death, and 
neuropathology findings are shown in Table S1).

2.2  |  Rationale for the CAN brain 
regions selected

We evaluated four brain regions based on the existing 
evidence of their involvement in SUDEP: (1) The subgen-
ual anterior cingulate cortex (ACC), includes Brodmann 
area 25 (BA25), BA24, and BA33; stimulation of BA25 
was shown to induce hypotension in monitored patients 
with epilepsy,14 and this region has known roles in car-
diovascular/vagal responses2,3 as well as in sympathetic 
regulation.1 Furthermore, increased gray matter volumes 
have been reported in the subcallosal cortex in SUDEP8,25 
and altered functional connectivity in MRI studies.6,11 (2) 
Superior temporal gyrus (or STG) (BA 21/22/41/42): corti-
cal thinning is reported in this region in epilepsy series26 
and tractography studies confirm the integration of this 
hub in CAN networks4 with recognized roles in parasym-
pathetic regulation.1 In a recent study of patients with 
severe peri-ictal hypoxia, decreased gray-matter volumes 
were reported in the right STG,7 evidence that this region 
is modulated by seizures, and in our previous postmortem 
study, higher STG microglial densities were observed in 
SUDEP compared to control groups.16 (3) Insular cortex 
(BA13/14): stimulation of both the left and right insular 
cortex during the course of implantations for the inves-
tigation of epilepsy induced a decrease in heart rate and 
cardiac output,5 and direct autonomic dysfunction of this 
region has been implicated in SUDEP.27,28 Furthermore 
the insula forms a central hub of the CAN4; cortical thick-
ening of this region has been reported in patients with 
generalized seizures,8 increased functional connectivity 
was associated with SUDEP risk,11 and recently, hypo-
metabolism of the right posterior insula was shown on 
positron emission tomography (PET) in patients with epi-
lepsy with ictal asystole.29 (4) The pulvinar region of the 
thalamus is recognized as a respiratory and sympathetic 
regulatory brain region.1,30 Decreased pulvinar volumes 
bilaterally have been reported in SUDEP on MRI,9 and in 
a previous postmortem study we reported increased mi-
croglia in this region in definite SUDEP cases.16

2.3  |  Tissue preparations

Sections were cut at a 5 μm thickness from the ACC, 
STG, insular, and pulvinar regions from both the left 
and right sides, where available. Sections were stained 
with Cresyl violet for confirmation of the cytoarchitec-
tural regions, which is particularly relevant for ACC to T
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distinguish BA25 from BA33 and BA24. Sections from 
all regions were immunolabeled for c-Fos (Santa Cruz, 
Biotechnology SC-166940, 1: 50), from all regions (except 
ACC) for pS6-240/4 (Cell signaling technology, 5364, 1: 
500) and pS6-235/6 (Cell signaling technology, 4857S, 1: 
50), and in the pulvinar region for glial fibrillary acidic 
protein (GFAP) (Dako, Z0334. 1: 2000) using a Leica 
BondMax (see Appendix  S1 for details of immunohis-
tochemistry). For the demonstration of pS6, we utilized 
two antibodies that recognized different phosphorylation 
sites of pS6: pS6-240/4 is specific for mammalian target 
of rapamycin complex 1 (mTORC1) pathway activation, 
whereas pS6-235/236 may also occur through mTOR in-
dependent pathways including Ras-mitogen activated 
protein kinase pathway activation and both antibodies in 
conjunction have been widely used in studies.22 Because 
many cases were archival coronial postmortems, not all 
regions were available from all cases and some regions 
were sampled at a later interval. The cases used and fixa-
tion times for each region are detailed in Tables  2 and 
S1. Double immunofluorescence labeling was carried out 
for pS6-240/4 and pS6-235/6 and with neuronal mark-
ers (MAP2 [microtubule associated protein] and syn-
aptophysin), GFAP, and microglial marker Iba1 in the 

cortical and pulvinar regions in selected SUDEP and 
NEC cases (see Appendix S1 for details).

2.4  |  Quantitative analysis and 
regions of interest

A digital slide scanner (Leica SCN400F, Leica Microsystems 
or Hamamatsu 360, Hamamatsu Photonics) was used to 
scan all slides at ×40 magnification. The scanned whole slide 
images (WSIs) were stored in a computer server and were 
uploaded to either Definiens (Definiens AG) for c-Fos or 
QuPath platform31 for pS6 and GFAP image analysis. The 
following regions of interest (ROIs) were outlined. ACC: 
Evaluation of the cytoarchitectural of the subcallosal coronal 
blocks on CV was designated as either BA25 or BA33/24/32 
based on previous studies32; in 10 cases both of these BA 
regions were available in separate blocks. The entire extent 
and full thickness (pia to white matter border) of these BA 
regions were outlined, to include both superficial and deep 
cortical layers but excluding white matter. A further corti-
cal ROI was drawn on frontobasal cortex (BA11), represent-
ing a nonautonomic control brain region. STG: ROIs were 
placed on either side of the gyrus at the mid-point between 

T A B L E  2   Results of quantitative analysis of c-Fos and pS6 labeling in STG, pulvinar, and insular regions

Region SUDEP Definite SUDEP Epilepsy controls Nonepilepsy controls

c-Fos

Neuronal density/mm2,
mean (SD)

(N = casesa)

Percentage 	
positive 	
neurons (SD)

STG 348.43 (260)
N = 19
52.3% (26)

279.9 (172.1)
N = 15
48.9% (25)

408.15 (285.5)
N = 7
48.9% (26)

298.49 (193.3)
N = 18
48.2% (25)

Insular 277.9 (245)
N = 19
37.7% (24)

287.18 (249.4)
N = 18
38.6% (25)

325.0 (137.8)
N = 7
41.5% (10)

174.57 (164.05)
N = 8
26.8% (19.7)

Pulvinar 49.05 (61.8)
N = 19
7.6% (7)

40.56 (42.7)
N = 17
6.9% (6.2)

24.2 (2.9)
N = 3
6.5% (1.5)

47.49 (54.87)
N = 8
8.8% (10.5)

pS6-240/4
(N = casesa)

Neuronal density/mm2, 	
mean (SD)

Percentage 	
positive 	
neurons (SD)

STG 28 (40)/mm2

N = 15
6.6% (8)

18 (32)/mm2

N = 13
7% (9.2)

1 (2)/mm2

N = 6
6.6% (2.9)

6 (10)/mm2

N = 18
1.2% (.53)

Insular 5 (14)/mm2

N = 18
3.9% (4.7)

6 (15)/mm2

N = 15
4.1% (5.1)

0.8 (0.5)/mm2

N = 8
3.5% (2)

0.7 (0.7)/mm2

N = 7
2.1% (1.6)

Pulvinar 5 (10)/mm2

N = 17
6.9% (8.7)

6 (11)/mm2

N = 15
7.2% (9.1)

0.1 (0.05)/mm2

N = 3
3% (1.8)

0.2 (0.1)/mm2

N = 8
2.6% (3.5)

pS6-235/6
(N = casesa)

Labeling index 	
(%), mean (SD)

STG 0.26 (0.35)
N = 19

0.31 (0.37)
N = 15

0.075 (0.08)
N = 6

0.071 (0.06)
N = 18

Insular 0.13 (0.15)
N = 11

0.13 (0.16)
N = 10

0.086 (0.1)
N = 3

0.084 (0.1)
N = 5

Pulvinar 0.76 (0.88)
N = 16

0.65 (0.8)
N = 14

0.67 (0.3)
N = 5

0.98 (0.59)
N = 7

aRefers to the number of cases evaluated in each group for each region (not all regions were available in all cases).
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the crown and sulcus, representing the full thickness of cor-
tex but not including white matter. Insular cortex: The entire 
extent and full cortical thickness representing BA 13/4 were 
outlined on the sections, overlying the claustrum, with care 
not to include the white matter or adjacent gyri. Pulvinar: A 
rectangular ROI of ~45 mm2 was placed within the nucleus 
deep to the subependymal surface in all cases. (Further de-
tails of ROIs are detailed in Figure S1A–D.)

For c-Fos sections using Definiens Tissue Studio Software 
(Definiens AG) thresholds were set following analysis of a 
pilot series of a range of labeling intensities and densities 
to delineate single neuronal cells, and the neuronal den-
sity (ND) (positive cells/area) was calculated (Figure S1C). 
Different thresholds were set for the ACC regions from the 
STG, insular, and pulvinar regions, but the thresholds were 
kept constant for each region across all cases. Scanned im-
ages of pS6-240/4 and pS6-235/6 were uploaded onto the 
Qupath platform, thresholds similarly optimized and neu-
ronal density/mm2 (or ND) and overall labeling index (LI) 
measured. The LI represents the field fraction of immunola-
beling for the whole region and, therefore, provides a mea-
sure of the overall labeling of cells and processes. In pulvinar 
GFAP sections, using similar ROIs, the GFAP LI was evalu-
ated. For c-Fos and pS6-240/4 in the insular, pulvinar, and 
STG regions, positively labeled neurons as a percentage of 
all neuronal cells in each region were also calculated (see 
Appendix S1 and Figure S1E).

Statistical analysis between the cause of death groups 
was carried out using SPSS (version 25, IBM incorpora-
tion) using nonparametric tests (Mann-Whitney, Kruskal-
Wallis tests), Spearman's correlation, and linear regression 
analysis. Graph pad (Prism, version 9) was used for the 
graphical representation of the data.

3   |   RESULTS

3.1  |  Qualitative patterns

3.1.1  |  c-Fos

Neuronal labeling (nuclear and cytoplasmic) was present 
in the cortical regions in epilepsy and control groups but 
variable between cases. In the ACC (BA33, 24, 32, and 25) 
common patterns were labeling of layer II neurons alone, 
a “tram-track: pattern of layer II and layer V/VI neurons, 
or pan-cortical labeling, the latter pattern particularly 
noted in BA25 (Figure 1A). In the adjacent control BA11 
region, variable laminar neuronal-staining patterns (II, 
V/VI or pan-cortical) was also observed. In insular cor-
tex and STG, scattered positive neuron, laminar patterns 
of labeling (layers II, IV, V/VI), or pan-cortical labeling 
was variably observed but with no pattern dominating in 

any cause of death group (Figure  1B–D). There was no 
evidence of glial labeling with c-Fos. In the pulvinar, the 
impression was of overall fewer c-Fos-positive neurons 
compared to the cortical regions (Figure 1E).

3.1.2  |  pS6-240/4

In the STG region, neuronal cytoplasmic labeling pri-
marily of pyramidal cortical cells was observed both in 
epilepsy cases and controls, including the hypertrophic 
neurons described in SUDEP cases (Figure 2A). The ex-
tent of labeling in cases varied from scattered neurons to 
laminar patterns involving layers II, III, V, and VI, with 
relative sparing of layer IV (Figure  2B) and rare astro-
glial labeling. pS6-240/4 neuronal labeling was present in 
the insular region but appeared less extensive than STG 
(Figure 2C), whereas the pulvinar region showed predom-
inantly infrequent scattered positive neurons with rare as-
troglial labeling (Figure 2D).

3.1.3  |  pS6-235/6

Neuronal cytoplasmic labeling with pS6-235/6 was ob-
served in the STG and to a lesser extent in the insular 
cortex. Scattered small and large neurons were variably 
present, randomly scattered through laminae and often in 
perivascular locations rather than a laminar distribution 
(Figure  2G). Peri-neuronal granular, synaptic-like labe-
ling was also evident (Figure 2H). In the pulvinar, there 
was less frequent neuronal labeling and a more promi-
nent synaptic-like labeling (Figure  2J). Cortical astro-
glial labeling was noted, particularly in layer I astrocytes 
(Figure  2I). pS6-235/6-positive, linear to round intranu-
clear neuronal inclusions were noted mainly in the STG 
region (Figure 2K,L) and present in 57% of SUDEP cases 
compared to 16% of NECs but not in EPCs.

Double labeling confirmed neuronal co-localization 
of pS6-240/4 and pS6-235/6 in a proportion of neurons 
(Figure  2O,P), and co-expression with mainly neuronal 
markers MAP2 and synaptophysin (Figure 2E,F) over glial 
markers (Figure 2M,N).

4   |   QUANTITATIVE ANALYSIS

4.1  |  Cause of death groups

4.1.1  |  c-Fos

There was no significant difference between the mean c-
Fos neuronal densities for any region (anterior cingulate 
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regions [BA25, BA33/24/32], BA11, STG, insular, and 
pulvinar) between SUDEP, EPCs, and NECs (Tables  2 
and S2, Figure 1F). This was also the case when evalu-
ating definite SUDEP cases compared to control groups. 
Significantly lower c-Fos neuronal densities and also the 
percentage of c-Fos-positive neurons were confirmed in 
the pulvinar compared to the STG and insular regions 
in both SUDEP and NECs, reaching the greatest sig-
nificance in the SUDEP group (p < .001 and p < .0001) 
(Figure  1F). Considering left or right sides separately 
between the cause of death groups, the mean c-Fos ND 
(and percentage positive neurons) was found to be sig-
nificantly lower in the right STG in SUDEP (and for defi-
nite SUDEP) compared to NECs (p ≤ .05) (Figure  1G). 
Comparing left and right sides within cause of death 
groups, significantly higher c-Fos ND was noted on the 

left compared to the right insular cortex in the SUDEP 
group only (p = .02).

4.1.2  |  pS6-240/4 and pS6-235/6

Higher mean neuronal densities were noted with pS6-
240/4 in SUDEP compared to other cause of death groups 
in all regions, with the highest values in the STG region 
(Table 2, Figure 3A). Significantly higher mean LI for pS6-
235/6 was present in the STG in SUDEP cases (and definite 
SUDEP cases) compared to NECs (p = .004 and p = .003 
[definite SUDEP]) (Table  2, Figure  3B). In contrast, in 
the pulvinar region the mean pS6-235/6 LI was lower in 
the SUDEP group (and definite SUDEP cases) compared 
to NECs (p = .046, Figure 3B). Considering hemispheres 

F I G U R E  1   c-Fos immunostaining patterns and quantitative analysis in sudden unexpected death in epilepsy (SUDEP). (A) Low-power 
image of Brodmann area 25 (BA25) and c-Fos labeling showing a pan-cortical to laminar labeling pattern of neurons. (B) Insular cortex 
(INS) with neuronal labeling in layers II, IV, and V/VI (arrowheads) showing a laminar pattern. (C) Superior temporal gyrus (STG) with 
neuronal labeling predominantly in layers II and VI (arrowheads). (D) Distinct neuronal labeling, including pyramidal cells with a lack 
of glial labeling was observed with c-Fos immunohistochemistry. (E) In comparison, the pulvinar region (PULV) showed only scattered 
positive neuronal cells. (F) Radar plots of c-Fos mean neuronal densities were generated to illustrated relative differences between regions 
in cause of death groups (SUDEP, D-SUDEP (definite), EP-Cont (Epilepsy controls) and NECs (nonepilepsy controls). Because different 
thresholds for detection were used in the anterior cingulate regions to other areas, the mean neuronal density is expressed as a ratio of the 
maximum value for each region. Lower levels of c-Fos were noted in the pulvinar region in all cause of death groups. (G) Scatter plots of 
c-Fos neuronal densities in the STG region were significantly lower in SUDEP cases on the right side compared to NECs. Bar in (A) = 2 mm, 
Bar shown in (B) approximately equivalent in (B and C) to 300 μm and in (D and E) to 100 μm.

(A) (B) (C)

(D)

(E)

(F) (G)
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separately between cause of death groups, higher LI for 
pS6-235/6 in SUDEP than NECs was noted for both the 
right and left STG (p < .0001, p < .005). Comparing hemi-
spheres within cause of death groups, a lower percentage 
of positive pS6-240/4 neurons in the left than the right 
insula was noted in SUDEP cases (p = .03). There was a 
significant correlation between pS6-235 and pS6-240 labe-
ling in the STG and insular regions (p < .05 and p = .003, 
Spearman's correlation) but not in the pulvinar region. 
There was a correlation between the percentage of posi-
tive neuron labeling with c-Fos and pS6-240/4 in epilepsy 

groups in the pulvinar region (p < .05) but not in controls 
or other regions.

4.1.3  |  GFAP

In view of a lower level of neuronal labeling in the pulvi-
nar compared to cortical regions, quantitative evaluation 
of GFAP was also carried out. There was no correlation 
between GFAP labeling index, pS6-235/6, or pS6-240/4 
in any cause of death group. No difference in the mean 

F I G U R E  2   Phospho-S6 immunohistochemistry patterns in the central autonomic regions. (A–D), pS6 240–44: (A) Scattered 
hypertrophic neurons were noted, particularly in the superior temporal gyrus region (STG) in a proportion of sudden unexpected death 
in epilepsy (SUDEP) cases, but lacking the balloon cells of other specific pathological features of a focal cortical dysplasia. These neurons 
were often pS6 positive (inset). (B) Low power of STG in a SUDEP case showing a laminar pattern of neuronal labeling with pS6-240. (C) 
In the insular region, frequent neuronal pS6-240 expression was also noted. (D) Scattered but variable numbers of pS6-positive neurons 
were observed in the pulvinar region (PULV), and in some cases astroglial labeling was noted (inset, arrowed); there was focal co-
localization of labeling of pS6-240 with neuronal markers MAP2 (E) and synaptophysin (F). (G–L), pS6 235–6: (G) A prominent perivascular 
distribution of pS6 labeling was noted in the insular cortex, rather than a laminar pattern. (H) In addition to neuronal perikaryal labeling, 
a striking perineuronal synaptic granular pattern of labeling was noted, shown here in the STG. (I) Labeling of glial cells in layer I was 
noted (arrowed) in some cases. (J) In the pulvinar region, a more striking granular labeling of the parenchyma was appreciated. (K and L) 
Intranuclear linear inclusions in neurons in the STG were more frequently seen in SUDEP cases. (M and N) Double labeling of pS6 markers 
with GFAP showed an overall prominent neuronal pattern with minimal localization with glial processes. (O and P) Focal co-labeling of 
pS6-240 and pS6-235 was observed in neuronal cells. The bar shown in (A) for (A, C, E, F, M, O, P, and H) is equivalent to ~50 microns; in 
(D, G, I and H) to ~150 microns, and in (B) to ~300 microns.

(A)

(D) (G)

(H)

(I) (K) (M)

(N)

(O)
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pulvinar GFAP labeling index between cause of death 
groups was noted, with lowest mean values in the SUDEP 
group (Figure S3).

4.2  |  Clinical and pathological 
correlations

Regarding seizure history, there was no significant differ-
ence between in regional pS6-235/6 and pS6-240/4 meas-
urements in epilepsy cases with or without a history of 
status epilepticus prior to death. However, in cases with 
a history of generalized seizures reported in the 10 days 

prior to death, significantly higher pS6-235/6 was ob-
served in the STG than cases with no seizures (p = .004, 
Mann-Whitney test, Figure  3C). Higher pS6-240/4 neu-
ronal densities were also noted in all regions in cases with 
recent seizures, but without reaching significance. There 
was no significant association of c-Fos neuronal densities 
in any region in relation to status epilepticus or seizures 
reported 10 days prior to death.

A significant positive correlation between pulvinar 
GFAP labeling with age at death was observed in the 
SUDEP group only (p  =  .006) (Figure  S3) but was not 
noted with other markers. In patients with epilepsy with 
any focal brain pathologies relevant to seizures in any 

F I G U R E  3   Scatter graphs of phospho-S6 quantitative labeling in brain regions. (A) pS6-240/4 neuronal densities in cause of death 
groups (sudden unexpected death in epilepsy [SUDEP], epilepsy controls [EPCs], and nonepilepsy controls [NECs]) in superior temporal 
gyrus (STG), insular (INS), and pulvinar (PULV) regions showing higher densities in the SUDEP group in all regions, reaching significance 
in the STG, when fixation time factored with multivariate analysis. (B) pS6-235/6 showed significantly higher labeling indices in SUDEP in 
the STG but lower labeling in the pulvinar region compared to the control groups. (C) In cases with recent generalized seizures in the last 
10 days prior to death (Recent Sz group) compared to cases without this history (No Sz) significantly greater pS6-235/6 labeling was observed 
in the STG in the group with reported recent seizures. (D) In cases with a focal epilepsy-related lesional pathology identified at postmortem, 
significantly greater labeling was noted with pS6 235/6 in the STG and (E). pS6 240/4 in the pulvinar region.
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region (including old surgical scars, hippocampal scle-
rosis [see Table  S1 for detail]), a significantly higher LI 
with pS6-235/6 was noted in the STG (p = .02, Figure 3D) 
and pS6-240/4 neuronal density in the pulvinar (p = .016, 
Figure  3E) compared to neuropathology-negative epi-
lepsy cases. In SUDEP cases with neuronal hypertrophy, 
although higher pS6-  pS6-240/4 and 235/6 labeling was 
noted in the STG and insular cortex, there were no statis-
tically significant difference from epilepsy cases without 
this feature (Figure S2A,B).

There was no statistical association between c-Fos ND 
and the presence of an underlying brain pathology or neu-
ronal hypertrophy.

4.3  |  Effects of fixation times and 
postmortem intervals

There were no significant differences in mean postmor-
tem intervals between the cause of death groups (Table 1) 
and there were no significant associations between post-
mortem interval and c-Fos, pS6 240/4, or 235/6 measure-
ments. There was a significant variation in mean brain 
fixation times between the cause of death groups (Table 1, 
p < .05), with the shortest fixation times in NECs. There 
was no correlation between regional tissue fixations times 
and pS6 labeling in the pulvinar or insular sections. There 
was an inverse correlation between pS6-240/4 neuronal 
densities in the STG and fixation time; using multivari-
ate analysis to factor the variable of fixation time, linear 
regression analysis confirmed significantly higher pS6-
240/4 labeling in the STG in SUDEP compared to other 
cause of death groups (p  =  .02, Figure  3A). There were 
no significant associations in c-Fos measures and fixation 
time for any brain region (Figure S1F).

5   |   DISCUSSION

There is evidence implicating CAN in the peri-ictal au-
tonomic dysfunction that precipitates SUDEP. Using 
a postmortem series to evaluate four autonomic brain 
regions, we have shown increased mTOR pathway acti-
vation in the STG region in SUDEP that also correlated 
with recent seizures prior to death. In contrast, there 
was less evidence that c-Fos neuronal expression pat-
terns in CAN distinguished SUDEP from other causes 
of death. In a previous study on a different postmortem 
cohort, increased microglial densities were identified in 
the STG in SUDEP, which also associated with recent 
seizures.16 These current observations reinforce that the 
STG is of potential relevance to the autonomic pathways 
linked to SUDEP.

Identification of specific tissue biomarkers for acute 
neuronal dysfunction and their application in the investi-
gation of epilepsy-related and sudden deaths has been an 
area of recent research, as both a much-needed diagnostic 
tool as well as furthering our understanding of brain re-
gions that may be critically involved in SUDEP.33,34 mTOR 
is a major kinase that forms two complexes—mTORC1 
and mTORC2—with different activation pathways, reg-
ulating many fundamental cellular functions35,36 and in-
fluencing neuronal size and synaptic neurotransmission. 
Activation of this pathway is observed in broad spectrum 
of focal epilepsy pathologies and nonlesional tissue in 
both neuronal and glial cell types.37–39 Experimental ep-
ilepsy models confirm mTOR activation following sei-
zures,40 occurring within 2 h following status epilepticus 
in the kainic acid model,41 and mTOR activation may play 
a critical role in cellular responses and epileptic networks 
following status epilepticus, although little explored in 
human tissues to date.42

We utilized quantitative immunohistochemistry for 
phosphorylation of the downstream ribosomal pro-
tein S6 at Ser235/6 and Ser240/4, as mTOR-dependent 
and mTOR-independent phosphorylation sites, as used 
widely in previous studies to assess pathway activation.22 
Differences in pS6 patterns were noted across the SUDEP 
cases, which may reflect the clinical and pathological het-
erogeneity of this group as well as dysfunctional cellular 
mechanism prior to death. For example, we noted greater 
pS6 labeling in relation to any underling focal neuropa-
thology identified postmortem. However, we also observed 
a relationship with reported seizures occurring in the last 
10 days before death, which may suggest a more sustained 
mTOR activation in these cases. In experimental models, 
mTOR activation evaluated by pS6 immunohistochemis-
try occurs from 6 h to 5 weeks following seizure onset.21 
Furthermore, mTOR activation following experimental 
seizures induces inflammatory pathways and activates 
microglia42; of interest, our previous observations of in-
creased regional microglia in SUDEP, particularly with 
recent seizures prior to death,16 could be linked mechanis-
tically to the observed mTOR activation. In seven SUDEP 
cases we also noted hypertrophic neurons in the cortical 
regions, particularly the STG, which did not amount to 
focal cortical dysplasia based on pathology criteria, al-
though genetic testing had not been conducted. We also 
observed pS6 expression in these hypertrophic neurons 
similar to the ubiquitous expression in hypertrophic and 
dysmorphic neurons reported in focal cortical dysplasias 
associated with mTOR pathway mutations.22 Of interest, 
increased rates of SUDEP are reported in some focal ep-
ilepsies with DEPDC5 mutations, an mTOR pathway in-
hibitor,43 and associated with focal dysplasia,44 although 
the precise cellular mechanisms leading to the sudden 
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death and any autonomic dysfunction is as yet unclear.45 
Hypertrophic neurons have long been recognized in ac-
quired epilepsy pathologies,46,47 considered to reflect al-
tered neuronal function, metabolism, cellular stress, or 
connectivity as a result of seizures. The identification 
of isolated hypertrophic neurons and more widespread 
mTOR activation in our SUDEP series is unlikely to repre-
sent mTOR pathway mutations but raises potential mech-
anistic links with DEPDC5-related epilepsies as a future 
line of investigation.

This study highlights the STG as a brain region of rele-
vance in SUDEP (Figure S4). Cortical thinning, including 
progressive atrophy,48 has been demonstrated in the STG 
in large epilepsy cohorts on MRI.26 There are few data 
on specific autonomic regulatory functions associated 
with the STG, but parasympathetic autonomic regulation 
is recognized1 to be of relevance to SUDEP. In addition, 
tractography studies of the CAN place the temporal lobe, 
particularly the STG as an integral part of autonomic net-
works including the parieto-anterior-temporal pathway, 
which connects STG to amygdala and insular cortex.4 In 
this current study only a minority (eight of the SUDEP 
cases) were also included in our previous study reporting 
increased microglia in the STG in SUDEP; this reinforces 
that pathological alteration in this region may be relevant 
to SUDEP across cohorts. Concerning lateralization, there 
was some evidence in this series for greater mTOR activa-
tion on the right than left STG and lower c-Fos activation 
in the left STG in SUDEP compared to controls. In a recent 
study of patients with severe ictal-hypoxia during gener-
alized seizures, considered a risk-factor for SUDEP, lower 
gray matter volumes were observed on the right but not 
on the left STG.7 Although not all SUDEP cases showed 
increased pS6 labeling, likely reflecting the heterogeneity 
of underlying causes, these collective studies suggest that 
further study of specific autonomic functional networks 
associated with the right STG would be relevant for some 
cases.

The subcallosal (or subgenual) cingulate gyrus com-
prises BA25 as well as parts of BA33, 24, and 32 as cytoar-
chitectonically distinct regions32 with different functional 
connectivity profiles; BA25 is activated with autonomic 
processing and BA33/24 is co-activated with the amyg-
dala and anterior cingulate, among other regions.49 In 
tractography studies, the ACC forms part of the rostral 
limbic pathway, which is connected to the insular region.4 
BA25 has been regarded as the principal site of auto-
nomic regulation in the frontal lobe,50 including cardio-
vagal2,3 as well as sympathetic regulation.1 Stimulation of 
Brodmann area 25 (subcallosal neocortex) in patients with 
epilepsy produced striking systolic hypotensive changes.14 
Furthermore, reduced functional connectivity of the 
ACC in fMRI has been associated with SUDEP risk11 and 

network alterations in SUDEP.10 In structural MRI stud-
ies, increased thickness of subgenual cingulate cortex 
was shown in patients with GS8 and increased gray mat-
ter volumes reported in the subcallosal cortex in SUDEP 
vs Control groups.25 This is the first pathological study of 
BA25 in epilepsy but despite striking laminar neuronal 
labeling with c-Fos in SUDEP cases, we failed to identify 
distinct difference from controls, supported by quantita-
tive analysis.

The insula is also regarded as a central hub in connec-
tome studies of CAN using tractography.4 Cortical thick-
ening in the insular region has been reported in patients 
with generalized seizures on MRI,8 increased functional 
connectivity recognized in SUDEP,11 and surgical resec-
tion associated with autonomic dysfunction.27 There is 
robust evidence for a role of the insula in the regulation 
of heart rate,51 with inconsistent evidence for lateraliza-
tion52; PET hypometabolism in the right posterior insula 
was observed in patients with epilepsy with ictal asystole29 
but electrode implantation and stimulation of either left 
or right insula was shown to induce changes in heart rate 
and cardiac output but without effects on blood pressure 
or respiration.5 We noted some lateralization of pathology 
with greater c-Fos labeling and reduced pS6-240 label-
ing in the left compared to the right insula in the SUDEP 
group, but no overall significant differences from controls. 
The pulvinar region showed less mTOR and c-Fos expres-
sion than cortical regions but again no specific patterns 
emerged in SUDEP cases. In addition, despite evidence for 
reduced posterior thalamic volumes in SUDEP in struc-
tural MRI,9,25 we also did not identify increased gliosis in 
the pulvinar region in SUDEP, only a significant associa-
tion with age, and the pathological basis for these imaging 
alterations remains unclear.

There are several limitations to this postmortem study, 
in that not all regions were available in all cases and only 
limited CAN regions were selected for this study. We 
included cases in the study with reports of a seizure oc-
curring in the last days prior to death from the clinical 
records; we cannot exclude that in cases without this his-
tory, a recent seizure occurred but was not documented. 
Furthermore, in many cases, details of seizure types (in-
cluding for status epilepticus), duration, and localization 
through recent EEG and MRI investigations were not al-
ways available to further stratify the cases. In addition, dif-
ferent fixation times for brain regions were factored into 
our analysis. This is a coroner's postmortem SUDEP co-
hort, and genetic testing is not available to correlate with 
pathology findings.

In summary, neuronal labeling for pS6 in the STG cor-
related with seizure activity in the period prior to death 
and was enhanced in SUDEP, highlighting this as a poten-
tial critical region. Further clinical and functional studies, 
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including the role of this region within the CAN, is there-
fore warranted in SUDEP.
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