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1 | INTRODUCTION

The mechanisms of sudden unexpected death in epilepsy
(SUDEP) are uncertain. The main risk factor is poorly

Abstract

Several lines of evidence link deficient serotonin function and SUDEP. Chronic
treatment with serotonin reuptake inhibitors (SRIs) reduces ictal central apnoea,
a risk factor for SUDEP. Reduced medullary serotonergic neurones, modulators
of respiration in response to hypercapnia, were reported in a SUDEP post-
mortem series. The amygdala and hippocampus have high serotonergic innerva-
tion and are functionally implicated in seizure-related respiratory dysregulation.
We explored serotonergic networks in mesial temporal lobe structures in a surgi-
cal and post-mortem epilepsy series in relation to SUDEP risk. We stratified
75 temporal lobe epilepsy patients with hippocampal sclerosis (TLE/HS) into high
(N = 16), medium (N = 11) and low risk (N = 48) groups for SUDEP based on
generalised seizure frequency. We also included the amygdala in 35 post-mortem
cases, including SUDEP (N = 17), epilepsy controls (N = 10) and non-epilepsy
controls (N = 8). The immunohistochemistry labelling index (LI) and axonal
length (AL) of serotonin transporter (SERT)-positive axons were quantified in
13 regions of interest with image analysis. SERT LI was highest in amygdala and
subiculum regions. In the surgical series, higher SERT LI was observed in high
risk than low risk cases in the dentate gyrus, CAl and subiculum (p < 0.05). In
the post-mortem cases higher SERT LI and AL was observed in the basal and
accessory basal nuclei of the amygdala and peri-amygdala cortex in SUDEP com-
pared to epilepsy controls (p < 0.05). Patients on SRI showed higher SERT in the
dentate gyrus (p < 0.005) and CA4 (p <0.05) but there was no difference in
patients with or without a psychiatric history. Higher SERT in hippocampal sub-
fields in TLE/HS cases with SUDEP risk factors and higher amygdala SERT in
post-mortem SUDEP cases than epilepsy controls supports a role for altered sero-
tonergic networks involving limbic regions in SUDEP. This may be of functional
relevance through reduced 5-HT availability.

KEYWORDS
amygdala, hippocampus, serotonin transporter, SRI, SUDEP

controlled generalised tonic—clonic seizures and, as many
deaths occur peri-ictally, during sleep or nocturnally, fail-
ure of arousal mechanisms interacting with respiratory
autonomic regulation have been proposed, including
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serotonergic network dysfunction [1]. This is supported
by experimental and clinical evidence [2]. Serotonin
(5-hydroxytryptamine [5-HT]) can inhibit seizures and
reduce seizure susceptibility and 5-HT availability con-
tributes to the anticonvulsant action of several common
anti-seizure medications [3]. Serotonergic brainstem neu-
rones mediate brainstem arousal mechanisms and regu-
late medullary respiratory centres responsiveness to
hypercapnia [4]; focal medullary atrophy [5-7], including
reduced serotonergic neurones [8] is reported in SUDEP.
Recent studies identified a lower incidence of ictal central
apnoea in patients receiving serotonin reuptake inhibitors
(SR1Is) [9] and a reduction of SUDEP incidence in Dravet
syndrome patients receiving fenfluramine, which
increases serotonin levels [10]. SRIs act on the sodium-
dependent serotonin transporter (SERT or 5-HT trans-
porter [5S-HTT]) which is coded by the SLC6A44 gene
and an integral membrane protein responsible for
the specific reuptake of 5-HT from the synaptic cleft,
thereby regulating available 5-HT and serotoninergic
neurotransmission.

Mesial temporal lobe structures, including the
amygdala, are also implicated in SUDEP. Stimulation
and EEG studies have shown that seizure spread to
amygdala and neighbouring limbic areas are associ-
ated with respiratory dysfunction [11-13] and ictal
central apnoea is more common with temporal lobe
onset than other seizures [14]. Altered amygdala vol-
ume has also been observed in SUDEP [15] and in
neuropathological studies we reported deficient neu-
ropeptide networks in SUDEP [16] and altered amyg-
dala neuronal and glial adenosine receptors that
associated with SUDEP risk [17]. These studies sug-
gest that specific regional, seizure-related cellular
adaptations arise in SUDEP. As the amygdala is
enriched in serotonergic afferents from the brainstem
raphe nuclei [18] these networks may also be altered in
SUDEP, contributing to post-ictal period amygdala
and autonomic dysfunction.

This study sought to quantify the relative distribu-
tion of SERT in a surgical series of temporal lobe epi-
lepsy and hippocampal sclerosis (TLE/HS) cases in
mesial temporal lobe regions, stratifying cases for
SUDEP risk and considering any psychiatric history
and SRI treatments. In addition, in a post-mortem
(PM) series we quantified SERT in specific amygdala
subnuclei in SUDEP cases compared to control groups
to test the hypothesis that serotonergic networks could
be modified in SUDEP.

2 | METHODS
2.1 | Case selection

The cases were selected from the UCL Epilepsy Society
brain and tissue bank. The project has ethical approval

and patients provided written consent for research partici-
pation. The surgical cases were 75 adult patients who
underwent temporal lobectomies (2009-2017) with a clini-
cal and radiological diagnosis of hippocampal sclerosis
(HS); cases were included where tissue samples were avail-
able from the temporal lobe, hippocampus body and
amygdala. The neuropathology diagnosis was reviewed
and HS subtype revised according to current ILAE criteria
[19] the majority being type 1 HS. Clinical records were
reviewed to extract data regarding seizure history, includ-
ing age of onset, seizure types (generalised convulsive,
focal) and frequency. Neuropsychiatric history and treat-
ments were also independently reviewed by an experienced
neuropsychiatrist (JF) regarding a diagnosis of pre or
post-operative depression or anxiety disorder as distinct
from postictal mood disturbance, medication-related
mood disorders or epilepsy-related psychosis (Table 1). In
addition, any SRI anti-depressive medications taken at the
time of surgery or following surgery were noted.

Risk stratification for SUDEP was based on the number
of generalised convulsive seizures (GCS) in the previous
12 months at the last pre-operative assessment [20,21] in line
with risk criteria used in published MRI studies [22,23] and
as detailed in a recent pathology study [17]. Among our
patients, there were 16 high risk (23 GCS), 48 low risk
(no GCS) and 11 intermediate risk (1-2 GCS). Between these
three risk groups there were no significant differences in the
ILAE HS subtypes, gender, age of onset, age at surgery, fre-
quency of focal seizures types or psychiatric history (Table 1).
There was a lower frequency of nocturnal seizures (p = 0.02)
and episodes of status epilepticus (p = 0.002) in low risk com-
pared to intermediate and high risk groups (Table 1).

The amygdala has rich serotonergic innervation and
high SERT levels [18,24]. Since surgical specimens are
limited by fragmentation and incomplete anatomical rep-
resentation of all amygdala nuclei, we also used PM epi-
lepsy cases to investigate this region. We included
amygdala from a series of 17 epilepsy cases with SUDEP
as well as 10 epilepsy cases without SUDEP (epilepsy
controls) and 8 non-epilepsy controls, collected between
2006 to 2017. In 14 cases in the SUDEP group, recent
seizure(s) with recovery was reported in the 24-h period
prior to death; other clinical and neuropathology data is
summarised in Table 1 (detailed in Table S1).

2.2 | Tissue preparation,
immunohistochemistry and analysis

From each surgical case, three tissue samples from the
temporal lobe (~2.5 cm posterior to the temporal pole),
the hippocampus body and amygdala were selected.
Serial sections were cut at 5 microns thickness and immu-
nohistochemistry for SERT (1:50,000 Millipore
MAB5618) and NeuN (Millipore, 1: 2000) carried out
using standard methods (detailed in Supplementary files).
The slides were scanned at 40x magnification using a
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Zeiss AxioScan Zen 2.3 slide scanner. Nine regions of
interest (ROI) were defined using Definiens Tissue Studio
(Definiens AG, Munich, Germany) image analysis sys-
tem by one observer (AC) blinded to the SUDEP risk
group; placement of all ROI was then validated by a sec-
ond person (SP) and were as follows (Figure Sla, b):
Three Temporal lobe ROI: Superficial cortex (Layer I of
the middle temporal gyrus), Deeper cortex (Layer II to
VI of the middle temporal gyrus) and subcortical white
matter. Five Hippocampal ROI: dentate gyrus including
the granule cell layer and molecular layer, CA4 subfield
of hippocampus including the region between the blades

FIGURE 1 SERTinTLE
surgical series with hippocampal
sclerosis. (A) Fine axonal varicose
SERT networks were present in
temporal neorcortex (TCx).

(B) There was an impression of
condensation of SERT-positive
fibres in the superficial cortical
layers (Layer I). (C) Dense SERT
axonal networks were also present
in the hippocampal white matter
(stratum radiatum, lacunosum and
moleculare), shown here between
the molecular layer (ML) of the
dentate gyrus and the pyramidal
cell layer of CA2 (box shown at
higher magnification in (D))

(E) SERT axons were also present
in the dentate gyrus and CA4
region. (F) In CA4 ‘nets’ of SERT
positive processess surrounded
pyramidal neurones. (G) The
amygadala (Amyg) was enriched
in SERT with numerous beaded
axons in proximity to neurones.
(H) SERT positive neurones with
complexed tuft like branches were
also present in the amygdala
(Amyg). (I) Amygdala regions
with intense SERT positivity were
observed. Scatter plots of mean
SERT labelling index (LI) in high
risk (HR) compared to and low
risk (LR) for SUDEP cases which
showed a significant increase in
the high risk group in the

(J) dentate gyrus, (K) CAl and
(L) subiculum regions. Bar in I

K ";\A s = ; " .,
G P "'—.. :
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of the dentate gyrus, CAI subfield of hippocampus
including the maximal representation of pyramidal cell
layer but excluding CA2, Subiculum including its maxi-
mal representation on section and hippocampal white
matter the stratum radiatum, lacunosum and moleculare
between CA1 pyramidal cell layer and the dentate gyrus.
Amygdala regions in surgical samples were outlined
based on the cytoarchitecture on NeuN, excluding any
white matter and neocortex; due to the fragmented
nature of amygdala samples in surgical material it was
not possible to further delineate subnuclei. Using Defini-
ens Tissue Studio software a high intensity threshold was
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set for the chromogen detection for each antibody which
was applied across all cases (Figure Slc, d) and the total
labelling index (LI) (percentage area of cellular immuno-
staining) for each ROI was measured.

For the PM series, in 22/35 cases FFPE samples
from both left and right amygdala were available and
from one side only in the remainder (Table 1). Sections
were cut at 5 micron thickness and one section was sta-
ined with LFB/CV for anatomical orientation and
delineation of the main human amygdala subnuclei
[25]. The anatomical level of the amygdala was cat-
egorised as one of three coronal levels in a rostro-
caudal direction: rostral amygdala (anterior to lateral
ventricle) (Figure S1g), mid amygdala (at level of tem-
poral horn)(Figure S1h) and caudal amygdala (level of
anterior hippocampus)(Figure Sli) as previously
described [16]. The central nucleus was not represented
in all coronal levels and therefore not included in the
analysis. Double immunofluorescence labelling for
myelin basic protein (SMI194) with SERT was carried
using standard methods (see supplemental methods file
for detail) and the slides scanned on Zeiss AxioScan
Zen 2.3 slide scanner. Using Zen (Carl Zeiss) software
the lateral, basal, accessory basal and periamygdala
cortex (PAC) subnuclei were identified using the
SMI94 channel only for placement of ROI
(Figure S1h) with three to five ROI were randomly
placed per subnuclei (Figure 1B) to cover a total area
from 6.3 x 10° pm? in the basal to 11.3 x 10° ym? in
the lateral nucleus. This sampling protocol was
established in a pilot series of 5 cases with good repro-
ducibility and intra class correlation coefficients of
0.97 to 0.7 for the four subnuclei. A high threshold for
detection of SERT labelling was set and kept constant
across ROI and cases; both the mean LI and total
length of SERT-positive axons (AL) per area for each
region was calculated.

2.3 | Expression of SLC64A in TLE datasets
We also explored SLC64A gene expression in existing
related temporal lobe epilepsy surgical datasets in order
to ascertain if this reflected the differences observed with
immunohistochemistry. The final differential expression
outputs from two RNA Seq experiments were provided
by the data generators on request [26,27]. Dataset 1 was
a comparison between TLE and control cortex (TLE,
N = 6; Control, N = 5) and hippocampus (TLE, N = 6;
Control, N = 16). Dataset 2 assessed the same brain
regions of TLE patients but stratified into high risk (cor-
tex, N = 2; hippocampus, N = 8) and low risk (cortex,
N = 3; hippocampus, N = 4) based on prolonged (>50 s)
postictal generalized EEG suppression (PGES), regarded
as a risk factor for SUDEP. The expression of SLC64A
was extracted from each dataset for further analysis. For
the full details on RNA Seq protocols used, sample sets
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and differential expression analysis we refer to the rele-
vant papers.

2.4 | Statistical analysis

Statistical analysis was carried out with SPSS (version
22, IBM) for non-parametric tests to compare data
between cause of groups (Kruskall Wallis and Mann—
Whitney tests), regions within groups (Friedman test)
and clinical correlations (Spearman’s rho test);
p values of <0.05 were regarded as significant and
corrected for multiple comparisons as detailed in the
results. For the PM studies Wilcoxon test was used to
compare SERT between subnuclei within cause of
death groups. For graphical representation of data,
GraphPad Prism 9 (University of California, San
Diego) was used.

3 | RESULTS

3.1 | Qualitative description

SERT labelling in surgical temporal lobectomies identi-
fied networks of beaded and varicose axons of variable
length, like previous descriptions [24,28]. In the temporal
lobe, SERT-positive axons were identified through the
cortex layers (Figure 1A), noticeably in the cell poor cor-
tical layer I, running parallel with the cortical surface
(Figure 1B), whereas the subcortical white matter was
traversed by less frequent long axons. In the hippocam-
pus, dense networks of SERT-positive axons running in
the stratum lacunosum/moleculare was a prominent find-
ing (Figure 1C, D) with less dense axons in the molecular
and granule cell layer of the dentate gyrus (Figure 1C-E).
Proximity of SERT-positive axons to remaining hippo-
campal pyramidal cells was noted, in some cases forming
dense net-like arrangements around CA4 neurones
(Figure 1F); occasional neurones in CA2 and CAl
showed weak cytoplasmic labelling. In the subiculum
there were similar positive processes running through
pyramidal cell layer and focal neuronal labelling was
noted. In the amygdala, focally dense networks of axons
were seen traversing across (Figure 1G) or enmeshed
around labelled neurones (Figure 1H, Figure 11).

In the PM amygdala samples, SERT-positive mesh-
works of beaded and varicose axons of varying densities
were highlighted in all amygdala subnuclei and through-
out the rostro-caudal levels examined (Figure 2A). In
addition, short, compact bundles of SERT labelled
axons, particularly in the lateral and basal nuclei, were
seen which appeared myelinated. The paralaminar region
adjacent to the lateral ventricle showed prominent aggre-
gates of SERT-positive fibres (Figure 2B). In the PAC,
SERT neuronal cytoplasmic labelling was also noted in
addition to extensive mainly unmyelinated axonal
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FIGURE 2 SERT (red channel) combined with myelin basic protein (SMI194) labelling (green channel) in post-mortem amygdala. (A) Prominent
meshworks of SERT-positive fibres were present in the lateral nucleus with some condensation in bundles (B). The paralaminar nucleus was
highlighted by a relative lack of myelin but SERT-positive axons. (C) Shows the region of PAC at higher magnification with dense bundles of SERT-
positive unmyelinated axons distinct from other myelinated fibres and neurones. (D) Scatter graphs of SERT labelling index (LI) and (E) axon length
/ area (AL) in amygdala regions in the post-mortem cases. The bars are the mean values for each region in the cause of death groups (SUDEP in red,
Epilepsy controls (EPC) in blue and Non-epilepsy controls (NEC) in green). There were significant differences between subnuclei noted in SUDEP
group with relative lower SERT in the lateral nucleus (Wilcoxon rank test, p < 0.001) and in the epilepsy controls lower SERT in the PAC (Wilcoxon
rank test, p < 0.05) but there were no significant differences between subnuclei in non-epilepsy controls. Between cause of death groups, higher SERT
LI was seen in SUDEP than epilepsy control group in the basal nucleus and PAC (p < 0.05) and length of SERT-positive axons in the basal,
accessory basal nucleus and PAC (p < 0.05). The length of SERT-positive processes was significantly lower in epilepsy controls than non-epilepsy
controls in the lateral nucleus and PAC regions (p < 0.05). Bar equivalent to approx. 200 microns in A, 100 microns in B and 50 microns in C

networks (Figure 2C). Occasional SERT-positive neuro-
nes were also noted in the basal and accessory basal
nucleus.

3.2 | Quantitative analysis
3.2.1 | SERT in surgical series: Clinical and
psychiatric correlations

There was significant variation in SERT labelling
between all ROI with highest labelling in the amygdala
and subiculum (p < 0.0001) (Table 2). For all surgical
cases there was no significant correlation between SERT
LI and age at surgery, gender, side of HS, history of sta-
tus epilepticus, nocturnal seizures or frequency of focal

seizures with loss of awareness. Higher SERT was identi-
fied in the hippocampus white matter in patients with a
history of GCS compared to those without (p = 0.01)
and significantly lower superficial cortical SERT LI was
observed in patients with more frequent focal seizures
with preserved awareness (p = 0.04). There was a positive
correlation between age of epilepsy onset and SERT LI
in CA1 region (p = 0.039). There were significant differ-
ences in SERT in CA4 between the subtypes of HS
(» = 0.013) but not in other regions.

Patients with and without a psychiatric history had
similar SERT LI in all regions. Patients with a history
of depression or anxiety pre- or post-operatively had
similar findings as those without this history. Twelve
patients were taking SRI medication at the time of sur-
gery (none were receiving tricyclic antidepressants),
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TABLE 2 Quantitative analysis of the SERT regional labelling in epilepsy surgical and post mortem (amygdala only) cases

Cortex Supf. WM T lobe CA4 DG
Cortex deep LI WM hippo CAl1 LI SUBIC LI AMYG LI *
Surgical groups mean (SD) LI mean (SD) mean (SD) mean (SD) mean (SD)
High risk 0.28 (0.27) 0.11 (0.15) 0.48 (0.39) 0.62 (0.58) 2.04 (2.34)
0.29 (0.3) 0.822 (0.15) 0.58 (0.41) 2.6 (2.36)
Medium risk 0.33(0.22) 0.07 (0.04) 0.85(0.93) 1.06 (1.83) 4.23 (3.79)
0.26 (0.13) 0.89 (0.78) 0.72 (0.65) 1.99 (2.6)
Low risk 0.33(0.26) 0.09 (0.16) 0.45(0.97) 0.44 (0.94) 2.69 (3.9)
0.37 (0.39) 0.88(1.2) 0.39 (0.42) 1.77 (1.87)
Lateral Nucleus LI (SD) Basal Nucleus LI (SD) Accessory Basal Nucleus PAC Nucleus LI (SD)
Post Mortem Axonal length Axonal length LI (SD) Axonal length Axonal length
Groups pm/pm’*(SD) pm /pm’*(SD) pm /um*(SD) pm /um*(SD)
SUDEP 0.12 (0.11) 0.25(0.14) 0.21 (0.18) 0.16 (0.11)
0.08 (0.05) 0.13 (0.065) 0.13 (0.08) 0.11 (0.07)
Epilepsy controls 0.14 (0.16) 0.15(0.11) 0.14 (0.12) 0.085 (0.09)
0.069 (0.05) 0.08 (0.054) 0.08 (0.05) 0.058 (0.063)
Non Epilepsy 0.24 (0.22) 0.25(0.21) 0.20 (0.17) 0.13 (0.076)
controls 0.11 (0.063) 0.11 (0.073) 0.11 (0.06) 0.10 (0.05)

Note: LI = Labelling index shown as a percentage in surgical cases; post-mortem data shown as both a labelling index and the total length of axons per unit area (shown
in microns/micron?). The quantification for surgical and post mortem cases was obtained using two different image analysis systems and immunohistochemistry methods

(see text for further details).

Abbreviations: Amyg, amygdala; DG, dentate gyrus; Hippo, hippocampus; PAC, peri-amygdala cortex; SUBIC, subiculum; Supf., superficial cortex (layer I); T lobe,

temporal lobe; WM, white matter.

represented in all risk groups (Table 1); significantly
higher SERT labelling was observed in the DG
(p = 0.004) and CA4 (p = 0.04) in patients taking SRI
at time of surgery.

3.2.2 | SERT in surgical series: SUDEP Risk
Significantly higher SERT LI was observed in high risk
compared to low risk for SUDEP cases in the DG
(p = 0.024), CA1 (p = 0.042) and subiculum (p = 0.043)
(Figure 1J,K,]). When patients taking SRIs were
excluded these differences were still significant. There
were significant positive correlations between SERT and
neuronal (NeuN) LI in the temporal lobe cortex, CAl,
CA4, subiculum and amygdala (p < 0.05 to <0.0001) in
the low risk SUDEP group. Correlations were less signifi-
cant in the high risk group and observed only in in CAl,
CA4 and amygdala (p < 0.05) but not in the cortex or
subiculum. Neither low or high risk cases showed a corre-
lation between SERT and NeuN in the DG region.

3.2.3 | SERT in post-mortem series:
Amygdala subnuclei

There was significant variation in SERT expression
between subnuclei in the SUDEP groups with highest LI
and AL in the basal nucleus and lowest measures in the
lateral nucleus (p = 0.001). Significant variation was also
noted in the epilepsy controls but with lowest LI and AL

in the PAC (p < 0.05). There were no significant differ-
ences between subnuclei in the non-epilepsy controls
(Table 2, Figure 2d, e).

Between cause of death groups, SERT was significantly
higher in SUDEP than epilepsy controls for both LI and
AL in the basal nucleus and PAC (p < 0.05) and for AL
only in the accessory basal nucleus (p < 0.05). SERT AL
was significantly lower in epilepsy controls than non-
epilepsy controls in the lateral nucleus and PAC (p < 0.05).
There were no significant differences between SUDEP and
non-epilepsy controls (Figure 2d, e).

From available drug histories, six patients were on
SRIs at the time of death, 4 in the SUDEP, 2 in the non-
epilepsy control group (Table S1); there was incomplete
or limited drug and psychiatric information in some
cases. Non-significantly higher SERT LI and AL were
seen in all amygdala regions in patients on SRIs than
those not. There was no correlation between SERT label-
ling and age at death, a history of a recent seizure in the
24 h period prior to death or whether there was an under-
lying neuropathology lesion identified at post-mortem
(see Table S1). There was no difference in SERT mea-
surements in subnuclei relative to the coronal level of
amygdala or between left and right sides in any cause of
death group. Higher SERT LI were present in the lateral
and basal nuclei in females compared to males
(p < 0.005, p < 0.05). There was no significant difference
in post-mortem intervals (PMI) and fixation times
between the cause of death groups (Table 1) and SERT
measurements were not significantly reduced with longer
PMI or fixation times.
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Analysis of SLC6A4 gene expression in TLE datasets
compared to controls showed a non-significant up-
regulation of SLC6A4 (positive fold-change) in the cortex
and in the hippocampus a non-significant down-regulation
of SLC6A4 (negative fold-change); however the overall
mean base (normalised counts, value of expression) was
low in the epilepsy hippocampi and this does not rule out
higher cell-type specific expression. In datasets comparing
the same brain regions in high SUDEP risk compared to
low SUDEP risk TLE cases a log fold increase in SLC64A
of 1.66 (absolute fold-change of 3) in the high-risk group
was seen but again was not significantly different.

4 | DISCUSSION

Clinical and experimental data implicate the serotonergic
system in SUDEP although supportive neuropathological
evidence is limited. In a group of surgical patients with
TLE/HS we identified increased hippocampal SERT
labelling in a high SUDEP risk group with overall
highest SERT labelling in the amygdala and subiculum.
In amygdala from SUDEP PM cases we showed signifi-
cantly higher SERT in basal, accessory basal and PAC
regions compared to an epilepsy control group. SRI
treatment was associated with increased SERT expres-
sion suggesting that both drug treatment and seizures can
modulate SERT. Higher SERT expression in mesial tem-
poral lobe regions with SUDEP risk could have func-
tional implications through reduced available 5-HT in
the vulnerable post-ictal period.

4.1 | SERT regional distribution in SUDEP

5-HT synthesised in the brainstem raphe nuclei provide
extensive projections throughout the neuro-axis. SERT
immunohistochemistry provides a specific tissue marker
to highlight and quantify serotonergic afferent networks
in different regions [29]. In surgical cases of TLS/HS,
observations of higher SERT levels in the subiculum than
hippocampus proper and prominent axons in the stratum
radiatum, lacunosum and moleculare are in line with
findings in animals [30]. In the high risk SUDEP group
we observed greater SERT in the subiculum, CAl and
DG compared to the low risk group. The subiculum is a
major output centre of the hippocampus, a putative zone
for spontaneous seizure-like activity in TLE/HS [31] with
experimental evidence that 5-HT regulates firing of sub-
icular principal neurones [32]. The subiculum included in
this study was the pro-subiculum, adjacent to CA1 and
known to have the densest serotonergic innervation with
efferent projections to the amygdala [33]. Altered avail-
able synaptic serotonin could theoretically modulate sub-
icular function, relevant to seizure initiation and spread,

and potentiate SUDEP risk; however this hypothesis
requires validation that the increased SERT reflects func-
tional, membrane-bound transporters.

The amygdala has dense serotonergic innervation
across species [29]. In a study of 232 cases using positron
emission tomography (PET) and SERT ligand ''C-
DASB, high receptor levels were observed in the amyg-
dala compared to hippocampal and cortical regions [18].
We confirmed overall high SERT in the amygdala region
in TLE/HS cases but the surgical samples have incom-
plete representation, limiting comparison between
SUDERP risk groups. We therefore carried out further
regional analysis in a PM series. A recent stereological
study of normal amygdala showed lower SERT axon
density in the lateral nucleus although with no significant
regional differences [24]. Our control group had no signif-
icant regional variation in SERT axons and prominent
labelling in the paralaminar nucleus, also consistent with
anatomical studies [34]. In epilepsy cases, however, signif-
icant regional variation in SERT was observed, with sig-
nificantly higher levels in SUDEP than the epilepsy
controls group which were, in turn, lower in regions than
non-epilepsy controls. In SUDEP, significantly higher
SERT was noted in the basal, accessory basal and PAC
regions. Of note, in a recent paediatric study of eight
patients, stimulation-induced apnoea was localized to a
region encompassing the basal lateral, basomedial and
cortical-medial amygdala region [13] which correlates
with the anatomical basal, accessory basal and PAC
regions in the current study; this could implicate seroto-
nergic networks in amygdala-induced apnoea. Our cur-
rent findings also contrast with our previous study of
amygdala neuropeptides (NPY, somatostatin and
galanin) using the same PM cohort, where significantly
higher levels were present in epilepsy controls than
SUDERP cases [16]. This suggests that specific patterns of
amygdala cellular network reorganisation in epilepsy,
characterises SUDEP.

4.2 | Evidence for seizure-related modulation
of SERT

Seizures can modulate serotonergic networks, including
5-HT receptors and SERT [3]). In a TLE/HS surgical series
reduced SERT receptor binding was observed in temporal
neocortex compared to controls [35]. We also noted signifi-
cantly lower superficial cortical SERT in patients with more
frequent focal seizures without loss of awareness but higher
SERT in the hippocampal white matter in patients with
GCS, suggesting modulation could be seizure-type as well
regionally specific. A TLE study showed lower 5-HT levels
in TLE/HS cases with histories of generalised seizures [36],
in keeping with higher SERT activity and GCS as SUDEP
risk factors [1].

Serotonergic axons can regenerate following injury
and exhibit compensatory sprouting from non-injured
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axons, therefore demonstrating a unique potential for
repair and remodelling [37]. Indeed, we noted net-like
bundles of axons in relation to neurones, particularly in
CA4 in hippocampal sclerosis and dense SERT expres-
sion in relation to neurones, particularly in the PAC and
subiculum. Transient ‘5-HT-absorbing neurones’ have
been recognised in the developing thalamus and limbic
cortex, that express SERT, enabling 5-HT re-uptake
from the extracellular space although unable to syn-
thesise it (i.e. tryptophan hydrogenase negative) [38-40].
In the serotonergic brain atlas study no association was
shown between SERT receptor binding and regional
mRNA levels arguing against local neuronal expression
[18] and analysis of data from the Allen Human Brain
Atlas confirms the highest levels for supratentorial SERT
mRNA is in the amygdala [41]. Analysis of gene expres-
sion datasets in TLE cohorts confirmed low SERT
expression levels in mesial temporal brain regions, but
with mild non-significant upregulation in TLE and
including cases at higher risk for SUDEP.

4.3 | The effect of SRI drug history

Deficient 5-HT activity may underlie or contribute to the
reciprocal relationship between epilepsy and depression
[42,43]. A meta-analysis of studies in major depression,
including post-mortem based studies, confirms reduced
limbic region and amygdala SERT [44]. One ''C DASB
PET study also showed SERT reduction in patients with
TLE and depression compared to TLE alone [43]. We
did not identify any differences in SERT labelling in
TLS/HS patients with neuropsychiatric illness compared
to those without; this study however, may be insuffi-
ciently powered to investigate this or could suggest other
neurotransmitter involvement, as indicated in experimen-
tal models [45]. However, in patients receiving SRI treat-
ment we identified higher SERT in hippocampal and
amygdala regions. SERT receptor occupancy is higher in
the amygdala than cortical regions following SRI treat-
ment [46]; thus, increased SERT expression may repre-
sent an adaptive upregulation of functioning receptor
rather than enhanced internalization.

4.4 | Limitations of this study

There are several limitations to this study. In the surgical
series we did not include a non-epilepsy control group as
normal surgical hippocampal tissue is not available. Our
risk stratification was based on a single, albeit strong risk
factor (GCS frequency) but dependent on the accuracy of
the clinical records. Nevertheless, the advantages of sur-
gical tissues is the uniformity of the underlying pathol-
ogy, identical regions of interest can be studied and
fixation times are short. In the post-mortem series the
SUDEP cases had a lower mean age of death than the
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epilepsy group; although we noted no significant age-
related differences this could be a potential limitation.
Serotonin transporter (SERT) remains relatively stable in
post-mortem tissues (Verney et al., 2002) and in this
series we did not observe effects in relation to fixation
time. In the PM series we did not have full drug history
(including SRIs) in all cases. Importantly, we lacked
genetic data for SERT variants [47], promotor polymor-
phisms [48] or epigenetic alterations including methyla-
tion [49] which may regulate SERT expression [50]. The
short versus long isoform of the promoter region of the
SLC6A4 gene which codes SERT has been associated
with lower transcription rates, SERT function and
increased amygdala activity [51] although this finding is
not consistent across studies [50,52], one post-mortem
study showing no difference in SERT expression in rela-
tion to polymorphisms [53]. Further, SERT immunohis-
tochemistry measures total levels only but not cellular
localisation or functioning membrane receptors which
require different experimental strategies.

In summary, using quantitative immunohistochemis-
try we detected increased SERT in limbic regions in asso-
ciation with SUDEP risk. Further study of how this
could translate to dysfunctional neuronal serotonergic
networks and lead to therapeutic prevention strategies
for SUDEP is warranted.
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