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ARTICLE INFO ABSTRACT

Keywords: Central failure of respiration during a seizure is one possible mechanism for sudden unexpected death in epilepsy
SUDEP (SUDEP). Neuroimaging studies indicate volume loss in the medulla in SUDEP and a post mortem study has
Astrocytes shown reduction in neuromodulatory neuropeptidergic and monoaminergic neurones in medullary respiratory

ventrolateral medulla nuclear groups. Specialised glial cells identified in the medulla are considered essential for normal respiratory

regulation including astrocytes with pacemaker properties in the pre-Botzinger complex and populations of
subpial and perivascular astrocytes, sensitive to increased pCO,, that excite respiratory neurones. Our aim was to
explore niches of medullary astrocytes in SUDEP cases compared to controls. In 48 brainstems from three groups,
SUDEP (20), epilepsy controls (10) and non-epilepsy controls (18), sections through the medulla were labelled
for GFAP, vimentin and functional markers, astrocytic gap junction protein connexin43 (Cx43) and adenosine Al
receptor (A1R). Regions including the ventro-lateral medulla (VLM; for the pre-Botzinger complex), Median
Raphe (MR) and lateral medullary subpial layer (MSPL) were quantified using image analysis for glial cell
populations and compared between groups. Findings included morphologically and regionally distinct vimentin/
Cx34-positive glial cells in the VLM and MR in close proximity to neurones. We noted a reduction of vimentin-
positive glia in the VLM and MSPL and Cx43 glia in the MR in SUDEP cases compared to control groups
(p < 0.05-0.005). In addition, we identified vimentin, Cx43 and A1R positive glial cells in the MSPL region
which likely correspond to chemosensory glia identified experimentally. In conclusion, altered medullary glial
cell populations could contribute to impaired respiratory regulatory capacity and vulnerability to SUDEP and
warrant further investigation.

Connexins
adenosine receptors

1. Introduction

Some cases of sudden and unexpected death in epilepsy (SUDEP)
may result from a post-ictal central apnoea in which normal auto-re-
suscitative mechanisms fail (Ryvlin et al., 2013; Vilella et al., 2019). By
definition post mortem examinations in SUDEP show no neuropatho-
logical cause of death. This criterion is likely to change as robust neu-
ropathological associations are uncovered. We have recently identified
cellular alterations in medullary respiratory regulatory nuclei (Patodia
et al., 2018). Brainstem respiratory networks represent a complex in-
terplay of multiple neuropeptides and modulating biogenic

monoamines, that can adapt to repetitive physiological challenges
(Smith et al., 2013), including intermittent hypercarbia following
generalized seizures. Major brainstem respiratory groups include the
pre-Botzinger complex (preBotC) in the ventrolateral medulla (VLM),
the serotonergic neurons of the medullary raphe (MR), the nucleus
tractus solitarius (NTS) and retrotrapezoid nucleus (RTN); these regions
have been more extensively studied in animals, but alterations in these
networks could be relevant to SUDEP vulnerability.

Astrocytes can modulate neuronal activity via gliotransmission and
dysfunction of astrocytes is implicated in epileptogenesis (Boison and
Steinhauser, 2018; Pekny et al.,, 2016). Further, in experimental
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models, regulatory roles of brainstem glia in respiratory homeostasis
have been demonstrated (Czeisler et al., 2019). Specialised superficial
medullary glial are chemosensitive to pCO, levels and stimulate re-
spiratory neurones via connexin channels and ATP (Huckstepp et al.,
2010). Astrocytes in the VLM, functionally coupled to somatostatin-
expressing pre-BotC neurones (Ikeda et al., 2017) are involved in
adaptive respiratory responses during physiological challenges
(Sheikhbahaei et al., 2018b). Altered medullary glial cell populations in
sudden infant death (SIDS) (Hunt et al., 2016) an event with many
parallels to SUDEP, are hypothesised to contribute to the mechanisms
of death in these cases (Mitterauer, 2011). In addition, experimental
data from several SUDEP models found post-ictal brainstem spreading
depolarisation mediates the irreversible respiratory collapse (Aiba and
Noebels, 2015; Loonen et al., 2019); although glial cells are physiolo-
gically relevant to cortical spreading depolarisation (Rovegno and Saez,
2018; Seidel et al., 2016) their contribution to brainstem spreading
depolarisation (or indeed confirmation of spreading depolarisation in
SUDEP) has yet to be demonstrated.

There is limited data regarding the distribution and morphology of
human medullary astrocytes in relation to any specialised respiratory
functions (Rusu et al., 2013; SheikhBahaei et al., 2018a). Our aim, in a
series of adult post mortems in patients with epilepsy and SUDEP, was
to further characterise the distribution and morphology of medullary
astrocytes in respiratory nuclei.

2. Methods
2.1. Case selection

We studies medullas from 48 post mortem cases obtained from the
Epilepsy Society Brain and Tissue Bank (ESBTB) at UCL, through Brain
UK (pathology department at Derriford Hospital, Plymouth) and the
MRC sudden death brain bank in Edinburgh. Tissue from all cases was
retained with era-appropriate consent and the project has ethical ap-
proval (NRES17/SC/0573). The cases were acquired from post mortem
examinations conducted between 1999 to 2017 and included 20 SUDEP
cases, 10 Epilepsy controls (EPC; epilepsy with non-SUDEP cause of
death) and 18 non-epilepsy controls (NEC). The SUDEP group included
11 definite SUDEP cases (complete and negative autopsy including
toxicology), the remaining 9 being probable or possible SUDEP ac-
cording to current definitions (Nashef et al., 2012). Our SUDEP and EPC
groups included 7 cases with Dravet syndrome due to SCN1IA muta-
tions; no genotyping data was available on the remaining 23 epilepsy
cases. The NEC group included 14 cases with sudden death (non-neu-
rological, non-epilepsy sudden death). The clinical details of the groups,
including mean age at death are summarised in Table 1.

2.2. Tissue preparation and quantitation methods

For all cases, a single 5 mm thick block was selected from the caudal
medulla (axial level between obex 2-13 mm). Serial sections were cut
through the block at 20 um thickness using the Tissue-Tek AutoSection
automated microtome (Sakura Finetek, U.S.A. Inc) and the obex level
was determined on a cresyl violet stained section using a standard atlas
(Paxinos and Huang, 1995). Immunostaining, including double label-
ling, for a glial marker panel was carried out (Table 2) using standard
techniques (further detailed in additional methods file). Nestin and
delta-GFAP showed suboptimal immunolabelling across cases and were
therefore not included in further analysis.

Labelled astrocytic populations were quantified in defined regions
of interest (ROI) in the medulla to include regions both with and
without known respiratory regulatory control as detailed: ROI1 the
ventro-lateral medulla (VLM) to include the pre-Botzinger complex
(pre-BotC) [Inspiratory nucleus (Bouras et al., 1987; Ikeda et al., 2017;
Schwarzacher et al., 2011; Stornetta et al., 2003), ROI2 the Median
Raphe (MR) [Serotonergic neurones modulate respiratory nuclei,
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Table 1
Summary of cases included in study, clinical and post mortem data.
Group Gender Mean Mean onset Mean Mean Number of
F:M age at of epilepsy  obex. PMI cases in
PM (Duration)  (range) and FT each study
(range) (days)
SUDEP 7:13 33 10.5 (19 5.9 2.9 GFAP (14)
N= 20 years years) (2- (34 Vimentin
(1 -59) 13mm) days) (16)
Cx43 (16)
ADI1R (6)
Epilepsy 4:6 57 13.8(26.9 6 2.1 GFAP (5)
Controls years years) (3- (48 Vimentin
N=10 (5-84) 10.5mm) days) 10)
Cx43(10)
Controls 7:11 40.8 N/A 6.2 (2.5- 3.4 GFAP (12)
N=18 years 10 mm) (15 Vimentin
(23-80) days) (11
Cx43 (10)
ADIR (4)
ADIR = adenosine 1R receptor, Cx = connexin, FT = fixation times,

PM = post mortem, PMI = post mortem interval, SUDEP = Sudden and un-
expected death in epilepsy.

including pre-Bo6tC, in conditions of hypercapnia (Benarroch, 2014)
(Richerson, 2004)], ROI3 the subventricular zone of IVth ventricle
(SVZ) [non-respiratory regulatory region], ROI4 the lateral medullary
surface subpial layer (MSPL) [respiratory modulation shown experi-
mentally as detailed above (Huckstepp et al., 2010)], ROI5 the solitary
tract (ST)/NTS region [chemosensory neurones project to VLM/ pre-
B6tC modulating respiration (Cui et al., 2016; Epelbaum et al., 1994;
Smith et al., 2013; Spirovski et al., 2012), and ROI6 the inferior olive
nucleus [non-respiratory regulatory region]. The anatomical co-ordi-
nates used to define these ROI in each case are as previously described
((Patodia et al., 2018); detailed in Fig. 1A). Slides were scanned with a
Leica SCN400F digital slide scanner (Leica Microsystems, Wetzlar,
Germany) at 40x magnification. GFAP sections, due to the density of
labelled processes and difficulty to distinguish individual cells, were
analysed with Definiens Tissue Studio software 3.6 (Definiens AG,
Munich, Germany); an intensity threshold was set for all cases and the
total labelling index (LI) (percentage area stained by cells and pro-
cesses) for each ROI was measured (Table 2). For Vimentin and Cx43,
scanned slides were viewed on Leica Slidepath software at 20x mag-
nification, the ROI annotated (as detailed in Fig. 1a), 5 random fields
(area 0.5 mm?) per ROI on each side captured and all immunopositive
cells counted by manual tagging (expressed as cells/um?). For the
MSPL, only regions of the medulla with an intact subpial layer and
overlying meninges were evaluated. In cases with hemi-brain stem
sections (Fig. 1b) only one side was evaluated; in other cases, both left
and right sides were evaluated and the measurements averaged for
ROIs. Double labelling co-localisation was evaluated qualitatively with
confocal imaging using ZEISS LSM 880 laser scanning microscope with
Airyscan and an Zeiss Axio Imager Z2 fluorescent microscope (Zeiss,
Gottingen, Germany) in each ROL.

2.3. Statistical analysis and clinico-pathology correlations

Statistical analysis was carried out using SPSS version 22 (IBM
corporation, CA, USA) using Mann-Whitney, Kruskall Wallis and
Spearman’s correlations for non-parametric data between the cause of
death groups with p values of < 0.05 taken as significant. For graphical
representation of data, Graphpad Prism 7 (University of California, San
Diego) was used.
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Table 2

Epilepsy Research 157 (2019) 106213

Immunohistochemistry panel and regional quantitative methods. Detail of methods is included in supplemental file and for delineation of ROI refer to Fig. 1A
(ROI1 the ventrolateral medulla, ROI2 the Median Raphe (MR), ROI 3 the subventricular zone of IVth ventricle, ROI4 the lateral medullary surface subpial layer,

ROIS5 the solitary tract, ROI6 the inferior olive nucleus.).

Immunohisto
chemistry marker/stain

Company, clone and dilution

Quantitative method /
Regions of interest (ROIs) evaluated

GFAP DAKO Z0334 (Polyclonal, Rabbit, 1: 2500) Whole slide scanning image analysis ROIL, 5,6
Vimentin DAKO M0725 (Monclonal, Mouse, 1 : 2000) Quantitative cell counts RO1:1,2,34
Connexin 43 Thermofisher Scientific Quantitative cell counts RO1:1,2,3,4
13-8100 (Monoclonal, Mouse, 1 : 400)

Adenosine Al Receptor Abcam ab124780 (Monoclonal, Rabbit 1:200) Qualitative evaluation All ROI
GFAP/ Cx43 1:1500/1:2000 Qualitative Evaluation for co-localisation All ROI
GFAP/Vimentin 1:1500/1:400 Qualitative Evaluation for co-localisation All ROI
Vimentin/Cx43 1:2000/1:400 Qualitative Evaluation for co-localisation All ROI
Vimentin/ Adenosine A1 Receptor 1:500/1:200 Qualitative Evaluation for co-localisation All ROI

3. Results
3.1. GFAP

Dense labelling of glial cells and processes was present in all me-
dullary regions (Fig. 1B) including a prominent horizontal subpial band
of cells (Figs. 1E, 2 D). There was a qualitative impression of reduced
density of GFAP-positive processes in the VLM in epilepsy cases com-
pared to NEC (Fig. 1B-D, F-H). Quantitative evaluation showed lower
mean labelling index in the VLM in epilepsy groups that was not sta-
tistically different from controls (Fig. 3A). There was also no significant
difference in GFAP labelling between SUDEP, EPC and NEC for any
other ROI or in relation to obex level, age of death, post mortem in-
terval or fixation time.

3.2. Vimentin

Labelling of vascular channels throughout the medulla, as well as
astrocytic cells in the area postrema, was noted. Within all ROI, less
frequent and morphologically more diverse vimentin-positive astroglial
cell types were seen compared to GFAP. A band of vimentin-positive

—~— CONTROL

EPILEPSY-DS

cells was present beneath the lateral medulla subpial surface extending
from the arcuate nuclei along the lateral medullary border (Fig. 2A),
some with long processes running both parallel to the surface and ex-
tending toward the lateral medulla. In the VLM, single multipolar cells
with complex branching processes were interspersed between neurones,
some with large cell bodies and long processes, extending towards both
neurones and capillaries (Fig. 2E). In the region of the ST/NTS, small
multipolar vimentin-positive glia and processes were also observed. The
MR midline region showed prominent large vimentin-positive cells with
elongated processes running mainly bi-directionally along the raphe,
particularly the dorsal raphe obscurus nucleus (Fig. 2I), extending
processes around neurones and occasionally towards the lateral me-
dulla. In the SVZ, a distinct row of subependymal vimentin-positive
multipolar cells was present with elongated processes (Fig. 20).
Quantitative analysis in ROI showed lower densities of vimentin-posi-
tive cells in all regions in SUDEP compared to NEC (p < 0.05); in
addition lower vimentin-positive cell densities in the VLM, SVZ and
MSPL were observed in SUDEP compared to EPC group (p < 0.05 to
p < 0.005) (Fig. 3B). There was no significant correlation between
vimentin-positive cell densities and obex level, post mortem interval or
fixation time over all cases or with age in the cause of death groups.

Fig. 1. Regions of interest and GFAP posi-
tive labelling in medulla.

A. Regions of interest included in the quanti-
tative analysis. ROI 1: The ventrolateral me-
dulla quadrant (VLM) was outlined geome-
trically on each section using co-ordinates from
clearly defined anatomical landmarks of the
medullary midline, the inferior olive nuclei
and the central recess of the fourth ventricle as
described previously (Patodia 2018). ROI 2:
The Medullary Raphe (MR) ROI extended from
the fourth ventricle to the olive ventrally and
abutted the midline, this ensured inclusion of
the regions with serotonergic neurones in both
raphe obscurus and raphe pallidus. ROI 3: The
sub ventricular zone (SVZ), the region im-
mediately beneath the ependymal layer ex-
tending from the ventricle edge as inner border
and from the midline to lateral margin. ROI 4:
The lateral medullary subpial layer (MSPL),
the surface of the medulla dorsal to the olive
recess and overlying the lateral border of the
VLM region using the subpial layer as the outer

SUDEP

border. ROI5: The solitary tract region (ST) was identified in the dorsal medulla as centre of circular ROI to include nucleus of solitary tract but not extending to its
ventricular border. ROI6: The nucleus of the inferior olive was outlined in its entirety following the contours of the nucleus. The dorsal and medial accessory olivary
nuclei were not included in this ROI. B. GFAP stained sections of hemi-brainstem showing diffuse and intense labelling through an axial section of medulla in non-
epilepsy control case. C. In epilepsy controls (case shown with confirmed Dravet syndrome (DS)) there was an impression of reduced GFAP compared to non-epilepsy
controls in the region of the reticular formation and VLM and D. also in SUDEP cases. Regions from the VLM shown as rectangles in B, C, D are illustrated at higher
magnifications in figures F, G, H respectively showing the variable dense meshworks of GFAP processes surrounding neurones. E. The lateral medullary subpial layer
with GFAP process running in organised bundles in longitudinal orientation along the surface. Bar equivalent to 5mm (B-D), 50 pum (E-H).
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Fig. 2. Vimentin, Connexin 43 (Cx43) and Adenosine A1R receptor expression in regional medullary glial cells and double labelling with GFAP.

A. Medullary subpial layer (MSPL) with prominent numbers of single vimentin-positive multipolar glial cells (arrow), occasionally with long processes extending
into lateral medulla. B. A similar pattern of labelling was observed with Cx43 with single cells showing bushy processes in the immediate subpial region of the lateral
medulla (arrow). C. A1R also highlighted prominent single glial cells in the MSPL region (arrow) with cytoplasmic labelling. D. Double labelling for GFAP with
vimentin and adenosine A1R with vimentin showed distinct cell populations with little co-localisation. E. Ventrolateral medulla (VLM) with prominent single
medium to large vimentin-positive cells with exuberant processes; proximity and extension of cellular processes to local neurones (arrow) and to capillaries was
noted. Insets in E and F show frequent co-localisation of labelling with vimentin and Cx43, with Cx43 often showing a characteristic punctate labelling along
vimentin positive cell processes (arrows). F. Cx43 positive cells in the VLM were scattered and relatively infrequent but often with bushy and beaded processes and in
proximity to neurones. G. Adenosine Al receptor (A1R) showed intense cytoplasmic labelling of neurones in the VLM but scattered small glial cells were also present
(arrows); inset shows rare co-localisation of labelling with vimentin and A1R. H. VLM highlighting mainly distinct cellular labelling of glial cells with vimentin and
A1R and in inset with GFAP. I. Medullary raphe (MR) with prominent vimentin positive glial with elongated processes orientated along the axis of the nuclear
group. J. Cx43 showed clusters of bushy glia with punctate labelling, some enveloping neurones (arrow). K. A1R did not co-localise with vimentin positive glia in the
raphe and L. Vimentin positive glia were also distinct from GFAP labelled glial processes in this region. M. Cx43 and vimentin showed frequent cellular co-
localisation and punctate Cx43 labelling along cell processes was a prominent feature (arrow). N. Cx43 and GFAP did not show distinct co-localisation in MR cell
populations. O. Subventricular zone (SVZ) and vimentin with prominent labelling of elongated processes extending from the overlying ependymal layer and a band
of single positive glial cells; P. A similar pattern of cell labelling was observed with Cx43 in SVZ and Q. showing frequent co-localisation of labelling in cells (arrow).
R. AR1 highlighted single glial cells in the SVZ (arrow) but S. no co-localisation observed with vimentin. T. GFAP stain did not co-localise with vimentin positive glia
in the SVZ or U. with Cx43. Scale Bar equivalent to 50 um in A-D,G,LJ,0-U and 30 um E-H and K-N.

3.3. Connexin 43

No neuronal labelling was observed. Scattered glial cells were la-
belled, with a regional distribution similar to vimentin. Cx43 labelling
of the ependymal cells of the IVth ventricle, area postrema and occa-
sional blood vessels, was present. A band of Cx43 labelling was noted in
the MSPL (Fig. 2B), but was intermittent and variable between cases;
scattered small Cx43-positive cells were also seen underlying this re-
gion (Fig. 2B). Infrequent, intensely labelled multipolar bushy Cx43-

positive cells were noted in the NTS and VLM (Fig. 2F), some in close
proximity to neurones. In the midline raphe, prominent punctate la-
belling forming bushy masses of Cx43-positive glial cells was seen,
some enveloping neurones of the midline raphe (Fig. 2J). Intense Cx43
labelling was also seen in SVZ glial cells and occasional single Cx43-
positive cells also noted in the XIIth cranial nerve nucleus and inferior
olive. Quantitative analysis confirmed variability of labelling between
cases, with overall significantly lower Cx43-positive cell densities in the
MR in SUDEP than EPC group (p < 0.05); there were also lower Cx43-



S. Patodia, et al.

GFAP
SUDDEN
DEATH A .‘H—th—{
CONTROL
ALL o o]
CONTROLS o |' .
ALL e o % sods o2 0 X
EPILEPSY . 2% %1 e
[ ]
SUDEP - o offipet] s o
A T T 1
B © S S
< . Labelling index (%)
Vimentin
CONTROL | vlv o
VLM vy
EPILEPSY-C vy
VLM ] *vy I y v :| *
*
SUDEP
vim ] ¥§'
CONTROL
MSPL ] e e il
EPILEPSY-C P R
MSPL * o :|*k *
SUDEP b o
MSPL ] “il‘ °®

T L) T L) 1
B -5.0x10-5 0 5.0x105 1.0x104 1.5x104 2.0x10+

CELLS/ pm?

Fig. 3. Quantitative analysis.

A. Scatter graph of GFAP showing the ventrolateral medulla (VLM) region only;
SUDEP and epilepsy group were lower but not significantly lower compared to
non-epilepsy controls (one outlier on the graphs in the control group is not
shown). The Dravet syndrome cases in the epilepsy control and SUDEP group
are highlighted in purple but these cases were not statistically different from
other SUDEP or epilepsy controls as a group. B. Scatter graph of vimentin
quantitative analysis with significantly lower cell density in SUDEP group
compared to epilepsy controls (p = 0.045) and non-epilepsy controls
(p = 0.02) in the VLM. SUDEP cases also showed lower cell densities in the
lateral medullary subpial layer (MSPL) compared to epilepsy controls
(p = 0.002) and non-epilepsy control groups (p = 0.026).

positive cell densities in the MR in SUDEP compared to NEC cases with
sudden death (p < 0.05). There was no significant difference in Cx43
labelling between SUDEP, EPC and NEC for other ROI or in relation to
post mortem interval or fixation time. There was a positive correlation
with Cx43 and obex level in the SVZ ROl only (p < 0.05). In the three
cause of death groups there was a positive correlation with age of death
and Cx43 cell density in the VLM ROI in SUDEP (p < 0.05) and in the
MSPL in both SUDEP (p < 0.005) and EPC (p < 0.05) but not for any
region in the NEC group.

There was positive correlation between quantitative measures for
vimentin and Cx43 in MSPL, MR and SVZ ROI over all cases (p < 0.01
to 0.005), but no correlation for either marker with GFAP. There was no
significant difference for any measure in Dravet syndrome cases com-
pared to other SUDEP or EPC cases.

3.4. Adenosine A1 receptor (AIR)

There was intense cytoplasmic labelling for A1R in neuronal po-
pulations in the medulla including the VLM region (Fig. 2G). A1R la-
belling of glial populations was noted, particularly in the MSPL
(Fig. 2C), VLM (Fig. 2G) and SVZ (Figure 2R) in both control and
SUDEP cases. Cellular labelling was concentrated in the perikarya;
elaborate cell processes were not observed with A1R. Due to the smaller
number of cases studied this was not quantitatively evaluated.
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3.5. Double labelling studies

GFAP with vimentin showed labelling of distinct glial cell popula-
tions in the MSPL ROI with little evidence of co-localisation (Fig. 2D),
and also in the VLM (Fig. 2H inset), MR (Fig. 2L) and SVZ (Fig. 2T).
There were similar findings for GFAP with Cx43 in these regions
(shown for SVZ in Fig. 2U). In contrast, frequent cellular co-localisation
of vimentin and Cx43 was observed in all regions including VLM
(Fig. 2E, F insets), MR (Fig. 2M) and SVZ (Fig. 2Q), although in the VLM
and MSPL not all vimentin positive cells were Cx43 positive. A dis-
tinctive finding was that of prominent Cx43 positive puncta on elon-
gated vimentin-positive glial cell processes in the VLM (Fig. 2F, inset)
and more prominently in the MR (Fig. 2M), including at branch points
of cell processes. Rare AD1R/vimentin co-localisation in glial cells was
noted in the VLM (Fig. 2G inset); in the MSPL (Fig. 2D inset) MR
(Fig. 2K) and SVZ (Fig. 2S) however, ADIR and vimentin pre-
dominantly labelled intermingled but distinct populations of cells.

4. Discussion

We identified morphologically diverse astrocytic cell types in the
human medulla, including distinctive vimentin, Cx43 and AD1R ex-
pressing cells in nuclei associated with respiratory regulation in the
VLM and MR as well as on the medullary surface and, further to this, a
relative deficit of some cell types in SUDEP compared to controls.
Although no functional studies are feasible on post mortem samples,
their specific morphology, immunophenotype, regional distribution,
intimate association with local neurones and similarities to descriptions
in animal models (SheikhBahaei et al., 2018a), suggests these are spe-
cialised glial cells with roles in respiratory modulation. These altera-
tions in SUDEP cases could suggest brainstem glial dysfunction may
contribute to pathophysiological mechanisms.

Sudden and unexpected death in epilepsy is the commonest cause of
death in young patients with chronic and poorly controlled seizures
(Devinsky et al., 2016). Several lines of evidence implicate brainstem
medullary dysfunction. MRI studies in SUDEP found volume loss in
autonomic brainstem regions including the medulla (Mueller et al.,
2014, 2018) and recent functional imaging has addressed altered con-
nectivity between cortical autonomic regulatory brain regions and the
brainstem (Allen et al., 2019). In SIDS, which shares some similarities
to SUDEP (including death in sleep in the prone position, male pre-
dominance and negative post mortem findings) impaired CO,-driven
arousal mechanisms are a potential pathogenic mechanism (Buchanan,
2019). Among other brainstem alterations identified in the more ex-
tensive post mortem studies conducted in SIDS (Machaalani and
Waters, 2014), MALDI proteomics for GFAP intriguingly showed se-
lective reductions in the ST and VLM regions compared to controls
(Hunt et al., 2016). Neuropathology studies conducted in SUDEP are by
comparison limited, but we recently observed alterations in neuro-
peptidergic and serotonergic neurones in the VLM in SUDEP (Patodia
et al., 2018). In view of the emerging evidence of an astrogliopathy
contributing to epileptogenesis (Pekny et al., 2016) as well as an hy-
pothesised role in SIDS (Mitterauer, 2011) and the recognised physio-
logical roles of medullary glia in respiratory regulation (Cohen et al.,
2018), we speculated that medullary astrocytic populations may also be
relevant in SUDEP.

We used the standard immunomarkers GFAP and vimentin to
quantify the regional distribution of astroglial cells in the medulla. A
single prior study reported specific niches of vimentin-positive glia in
autonomic regulatory regions, including the raphe and solitary tract as
well as cells forming a superficial layer of medullary astrocytes (Rusu
et al., 2013). A rodent study confirmed the unique structural com-
plexity of Pre-Bo6tC astrocytes, with branching terminals, long processes
and non-overlapping domains (SheikhBahaei et al., 2018a). Post-
mortem fixed tissues cannot be used to assess cellular functional
properties based on morphology; however, regional restricted
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expression of Cx43 and AIR supports regionally specific metabolic
functions and for gliotransmission. In the VLM, we noted vimentin-
positive glia with long processes extending to both capillaries and
neurones with punctate Cx43 expression that suggest local glial-neu-
ronal networks. Astrocytes in the pre-BotC have pacemaker-like prop-
erties, periodic pre-inspiratory activation (Okada et al., 2012) and
functional neuronal coupling (Oku et al., 2016). Astrocytic ATP release
during hypoxia increases activity in the pre-Bo6tC (Rajani et al., 2018),
whereas blockade of gliotransmission in pre-BotC astrocytes impairs
respiratory responses to hypoxia and hypercapnia (Sheikhbahaei et al.,
2018b). Loss of VLM astrocytes in a Parkinson’s disease model was
associated with respiratory dysfunction (Fernandes-Junior et al., 2018).
Our observation of significantly reduced VLM vimentin-positive cells in
SUDEP cases could implicate dysfunctional glial-neuronal coupling and
impaired inspiratory responses. Further, we identified a prominent
population of elongated glial cells in the raphe with exuberant Cx43-
positive processes associated with neurones, a significant reduction of
this cell type in the SUDEP group and a correlation with age of patient
in the epilepsy groups which could implicate chronic seizure modula-
tion. Notably, SUDEP risk increases with epilepsy duration (Devinsky
et al., 2016). Also, dysfunction of serotonergic systems is implicated in
SUDEP (Murugesan et al., 2018; Richerson, 2013) and in experimental
models, decreased responses of serotonergic neurons of medullary
raphe has been shown following seizures (Zhan et al., 2016). We pre-
viously found a reduction in tryptophan hydroxylase-expressing neu-
rones in the raphe in SUDEP (Patodia et al., 2018) ; as specialised glia
have the functional capacity to amplify intrinsic chemosensitive neu-
ronal responses through gliotransmitters (Eugenin Leon et al., 2016), a
paucity in raphe glia could further impair these responses during sei-
zures.

Experimental studies have also identified CO,/H *-sensitive astro-
cytes on the ventral medullary surface that activate respiratory circuits
via connexin (Cx26) hemichannels (Huckstepp et al., 2010; Sobrinho
et al., 2017), negatively modulated by extracellular adenosine through
Al-receptors (Falquetto et al., 2018), stimulating brainstem respiratory
neurones including in the MR and RTN. We report the novel finding of
subsets of Cx43-positive and adenosine A1R-positive glia on the human
medullary surface. We also observed a positive correlation in the den-
sity of Cx43 cells with age in epilepsy cases but not in controls, sug-
gesting that cumulative seizure-effects could augment these cell types.
The RTN has been putatively located in the human brainstem ventral to
the facial nucleus and lateral to the superior olivary nucleus in the
ponto-medullary junction (Rudzinski and Kapur, 2010). This region was
not available in our medulla samples, nevertheless as structural ab-
normalities of PHOX-2B-expressing neurones populations in RTN have
been described in SIDS (Lavezzi et al., 2012), study of this nucleus is
warranted in SUDEP.

There is evidence for spreading depolarisation extending through
the brainstem and solitary tract region during the terminal post-ictal
event culminating in irreversible and fatal respiratory collapse in some
SUDEP models (Aiba and Noebels, 2015; Loonen et al., 2019; Noebels,
2019). Astrocytes, through adenosine signalling (Seidel et al., 2016) or
gap junctions (Rovegno and Saez, 2018) can initiate cortical spreading
depolarisation. Brainstem spreading depolarisation has not been re-
corded in human SUDEP. Nevertheless our observation of altered spe-
cific medullary astrocytic populations, including in the periventricular
location in proximity to the ST and NST, could be relevant to waves of
post-ictal spreading depolarisation, which requires further study.

Limitations of post mortem studies include post mortem delays and
different fixation times, which can influence quantitative im-
munohistochemistry. In addition, the procedure of brain removal can
disrupt the delicate subpial surface astrocytes. We did not identify any
correlation between pathology measures and post mortem intervals and
fixation time and we were careful to carry out analysis only on regions
with an intact subpial layer. The obex level of the medulla varied be-
tween cases; however, there were no significant differences between the
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groups. We did not have genetic analysis on all epilepsy and SUDEP
cases; seven cases were genetically proven as Dravet syndrome with
SCN1A mutations, but no differences in glial populations in this group
from other SUDEP and EPC cases was observed, albeit the number of
Dravet cases is small (Fig. 3A).

5. Conclusions

In summary, morphologically and regionally distinct vimentin,
Cx43 and AD1R-positive glial cells are present in the human medulla
and in known respiratory regulatory regions. We identified differences
between SUDEP and control groups, including reduction of vimentin-
positive glia in the VLM and MSPL and Cx43 glia in the MR, that may
progress over the course of epilepsy and may be relevant to the im-
paired autonomic respiratory responses following seizures that con-
tribute to SUDEP pathophysiology.
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