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Abstract
Objective: The “adenosine hypothesis of SUDEP” (sudden unexpected death in 
epilepsy) predicts that a seizure-induced adenosine surge combined with impaired 
metabolic clearance can foster lethal apnea or cardiac arrest. Changes in adenosine 
receptor density and adenosine kinase (ADK) occur in surgical epilepsy patients. Our 
aim was to correlate the distribution of ADK and adenosine A2A and A1 receptors 
(A2AR and A1R) in surgical tissue from patients with temporal lobe epilepsy and hip-
pocampal sclerosis (TLE/HS) with SUDEP risk factors.
Methods: In 75 cases, patients were stratified into high-risk (n = 16), medium-risk 
(n = 11) and low-risk (n = 48) categories according to the frequency of general-
ized seizures before surgery. Using whole-slide scanning Definiens image analysis 
we quantified the labeling index (LI) for ADK, A2AR, and A1R in seven regions of 
interest: temporal cortex, temporal lobe white matter, CA1, CA4, dentate gyrus, sub-
iculum, and amygdala and relative to glial and neuronal densities with glial fibrillary 
acidic protein (GFAP) and neuronal nuclear antigen (NeuN).
Results: A1R showed predominant neuronal, A2AR astroglial, and ADK nuclear 
labeling in all regions but with significant variation. Compared with the low-risk 
group, the high-risk group had significantly lower A2AR LI in the temporal cortex. 
In HS cases with severe neuronal cell loss and gliosis predominantly in the CA1 and 
CA4 regions, significantly higher A1R was present in the amygdala in high-risk than 
in low-risk cases. There was no significant difference in neuronal loss or gliosis be-
tween the risk groups or differences for ADK labeling.
Significance: Reduced cortical A2AR suggests glial dysfunction and impaired 
adenosine modulation in response to seizures in patients at higher risk for SUDEP. 
Increased neuronal A1R in the high-risk group could contribute to periictal amygdala 
dysfunction in SUDEP.
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1 |  INTRODUCTION

Adenosine has varied physiological functions in the central 
nervous system (CNS) including endogenous anticonvulsant 
actions. Although not a conventional neurotransmitter, its 
binding with high affinity G protein–coupled presynaptic and 
postsynaptic receptors (A1R and A2AR) modulates synapses 
with predominantly inhibitory and neuroprotective effects.1,2 
Adenosine levels rise before seizure termination2,3; activa-
tion of hyperpolarizing presynaptic A1R suppresses seizures 
and their spread, whereas A1R-selective antagonists reverse 
this effect.2 By contrast, A2AR neuronal activation has mainly 
proconvulsive actions.1

Alteration in adenosine receptors densities and their cel-
lular distribution has been shown in animal models of ep-
ilepsy1,2 and human tissues.4-6 An imbalance between the 
inhibitory and excitatory effects of adenosine through differ-
ential activation of A1R and A2AR receptors may contribute 
to temporal lobe epilepsy (TLE).4 In addition to seizure ter-
mination, postictal depression, refractoriness, and respiratory 
depression are considered manifestations of overactivation of 
A1R coupled with underactivation of A2AR. This has led to 
the “adenosine hypothesis of SUDEP” (sudden unexpected 
death in epilepsy) as common clinical phenomena, respira-
tory depression, and impaired arousal7 could be mediated 
through overstimulation of these receptors in autonomic and 
brainstem centers in the postictal period.8-12

Experimental evidence also supports the adenosine 
SUDEP hypothesis; in a kainic acid model, with pharma-
cologically impaired adenosine clearance, induced seizures 
triggered sudden death while the adenosine receptor antag-
onist caffeine administered after seizure onset was associ-
ated with increased survival times.10 Similar effects were 
observed in seizure-induced death in DBA/2 mice, where 
administration of an adenosine antagonist protected from 
seizure-induced respiratory arrest13; in genetically epilep-
sy-prone rats inhibitors of adenosine metabolism, were 
associated with increased duration of postictal respiratory 
depression.14

Adenosine receptors have not been assessed in human 
tissues in relation to SUDEP. We used a large TLE surgical 
series, risk stratified for SUDEP similar to prior magnetic 
resonance imaging (MRI) studies15,16 based on the greatest 
risk factor of three or more generalized seizures (GS) occur-
ring in the last year prior to surgery.17 We evaluated several 
regions, including the hippocampus, amygdala, and temporal 
cortex, to explore the differential expression of adenosine re-
ceptors and its major regulator, ADK, in relation to regional 
neuronal and glial populations.

2 |  METHODS

2.1 | Case selection

Cases were selected from the UCL Epilepsy Society brain 
and tissue bank from adult patients who had undergone tem-
poral lobectomy between 2009 and 2017 with a clinical and 
radiological diagnosis of suspected hippocampal sclerosis 
(HS). The project has ethical approval and patients provided 
written informed consent for participation in research. In 75 
cases, tissue samples were available of the temporal lobe, 
hippocampal body, and amygdala. The neuropathology diag-
nosis was reviewed and the subtype of HS revised according 
to International League Against Epilepsy (ILAE) criteria.18

2.2 | SUDEP risk stratification

Clinical records were reviewed to extract data regarding sei-
zure history, including age at onset, seizure type, and recent 
frequency (Table 1). Risk stratification for SUDEP was based 
on the number of GS in the previous 12 months at the last 
preoperative assessment17: Patients with ≥3 GS were high 
risk, no GS were low risk, and 1-2 GS were intermediate risk.

2.3 | Tissue preparation and 
immunohistochemistry

From each case, three tissue samples from the temporal 
lobe (taken approximately 2.5 cm posterior to the temporal 
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Key Point
• The adenosine hypothesis of sudden unexpected 

death in epilepsy (SUDEP) proposes that adeno-
sine stimulation in the postictal period mediates 
depressed arousal and respiration.

• In a temporal lobe epilepsy/hippocampal sclero-
sis (TLE/HS) surgical series, significantly lower 
astroglial adenosine A2A receptor labeling in the 
temporal cortex in higher-risk SUDEP group sug-
gests impaired adenosine modulation

• Amygdala stimulation mediates apnea in seizures; 
we found increased amygdala neuronal A1R in the 
higher risk for SUDEP group of potential func-
tional relevance.
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pole), the hippocampal body, and amygdala were selected. 
Serial sections were cut at 5 μm thickness and an immu-
nohistochemistry staining panel carried out using standard 
techniques: A1R (ab124780, Abcam monoclonal, dilu-
tion 1:200), A2AR (ab3461, Abcam polyclonal, dilution 
1:1000), adenosine kinase (ADK) (LSB6272, Lifescience 
bio monoclonal dilution 1:500), glial fibrillary acidic 
protein (GFAP) (Z0334, DAKO polyclonal, 1:2500), 
and neuronal nuclear antigen (NeuN) (Millipore,1:2000) 
using standard methods (detailed in Supplementary Files). 
Additional double-labeling immunofluorescence was car-
ried out on select cases representing each risk group for 
A1R, ADK, and A2AR combined with GFAP and neu-
ronal markers NeuN or MAP2 using standard methods 
(see Supplementary Files) and visualized with Zeiss Axio 
Imager Z2 fluorescent microscope (Zeiss).

The slides were scanned at 40× magnification using a 
Leica SCN400 (Leica Microsystems) and Zeiss AxioScan 
Zen 2.3 slide scanners. Seven regions of interest (ROIs) 
were defined using Definiens Tissue Studio (Definiens 
AG) image analysis: ROI 1 Temporal cortex to include 
the entire cortical thickness from the sulcus, adjacent to 
the superior temporal gyrus, to both gyral crowns, ROI 
2 Temporal cortex white matter region of subcortical 
white matter underlying ROI 1 (Figure S1A), ROI 3 den-
tate gyrus to include the granule cell layer and molecu-
lar layer, ROI 4 CA4 subfield of hippocampus to include 
the region between the blades of the dentate gyrus, ROI 
5 CA1 subfield of hippocampus to include the maximal 
representation of pyramidal cell layer but excluding CA2, 

ROI 6 Subiculum to include its maximal representation on 
section (Figure S1B), ROI 7 Amygdala regions outlined 
with cytoarchitecture compatible with amygdala as iden-
tified on NeuN (Figure S1C); due to the fragmented na-
ture of amygdala samples, it was not possible to delineate 
subnuclei. With Definiens Tissue Studio software, the de-
fined seven ROIs were transposed onto the serial immu-
nostained sections to ensure similar ROI capture across 
each sample; each individual section was manually edited 
for any slight misalignment of ROI. An intensity thresh-
old was set for the chromogen detection for each antibody, 
which was applied across all cases (Figure S1D,E) and 
the total labeling index (LI) (percentage area of cellular 
immunostaining with high-intensity threshold) for each 
ROI was measured.

Statistical analysis was carried out with SPSS (version 
22, IBM) for nonparametric tests to compare data between 
cause of groups (Kruskal-Wallis and Mann-Whitney tests), 
regions within groups (Friedman test), and clinical correla-
tions (Spearman's rho test); P values of <.05 were regarded 
as significant and corrected for multiple comparisons as 
detailed in results. For graphical representation of data, 
GraphPad Prism 7 (University of California, San Diego) 
was used.

3 |  RESULTS

Our 75 cases were classified for SUDEP risk as high (16), 
intermediate (11), and low (48). The three risk groups had 

T A B L E  1  Groups of TLE cases stratified according to risk of SUDEP

SUDEP 
risk group, 
N = number

Hippocampal 
sclerosis 
subtypes

Gender, 
F: M (%)

Side L: 
R (%)

Age at onset
Age at 
surgery
Duration 
(years, (SD))

GS (% of 
cases)

Focal 
seizures with 
LOA (weekly 
seizures) (% 
of cases)

Nocturnal 
Sz, 
Episodes 
SE (% of 
cases)

IPI (% of 
cases)

High risk 
(HR), 
N = 16

Type 1 62.5%
Type 2 18.8%
Other 18.8%

56.3:43.8 62.5:37.5 13.7 (11.3)
34.9 (9.4)
21.1 (12)

100% 100% (73.3%) 31.3%
20%

FS 33.3%
Other 13.4%
None 53.3%

Intermediate 
risk (IR), 
N = 11

Type 1 82%
Type 2 9%
Other 9%

63.6:36.4 63.6:36. 
4

12.7 (7.1)
40 (9)
26.7 (11.7)

100% 100%
(55.5%)

36.4%
36.4%

FS 30%
Other 30%
None 40%

Low 
risk (LR), 
N = 48

Type 1 75%
Type 2 8.3%
Other 16.7%

50:50 58.3:41.7 13.5 (11.8)
42.2 (11.1)
28.7 (14.8)

62.5% 80.6%
(63%)

8.3%
2.1%

FS 34.1%
Other 22.7%
None 43.2%

Significance 
between: 
Groups ~

n/s n/s n/s n/s P = .001* n/s P = .02
P = .002

n/s

Note: ~Kruskal-Wallis test was used to compare groups.
Abbreviations: GS, generalized seizures; IPI, initial precipitating injury; LOA, loss of awareness; SE, status epilepticus; Sz, seizures.
*The frequency of GS in last 12 months was used as the criterion to stratify groups. Hippocampal sclerosis subtypes other = type 3, no HS and cases with uncertain HS 
types (incomplete subfields represented in the resected specimen). 
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no significant differences in the ILAE HS subtypes (type 1 
comprised 62.5% to 82%), gender, age at onset, age at sur-
gery, frequency of focal seizures with impaired awareness, 
or history of initial precipitating injury (IPI). There was a 
lower frequency of nocturnal seizures (P =  .02) and epi-
sodes of status epilepticus (P = .002) in low-risk compared 
with intermediate and high-risk groups (Table 1).

3.1 | Distribution of A1R, A2AR, and ADK 
in temporal lobe regions

A1R. Temporal neocortex: Pancortical neuronal cytoplas-
mic labeling was observed with A1R and membranous or 
nuclear labeling was not observed (Figure 1A-D). Reduced 
intensity of superficial compared with deep cortical neurons 
was seen in some cases, particularly in cases with superfi-
cial neuronal loss (Figure 1B, C). Scattered neurons in layer 
I were also A1R positive (Figure 1A) and in the interstitial 
white matter (Figure 1E); scattered rare glial cells showed 
weak labeling with A1R (Figure 1E, arrow). Hippocampus: 
The granule cells of the dentate gyrus showed variable A1R 
labeling, particularly in the basal aspect (Figure  1F,G); 
labeling appeared less intense in dispersed granule cells 
(Figure  1E). Cytoplasmic labeling of residual CA4 and 
CA1 pyramidal neurons was confirmed with double labe-
ling for MAP2 and NeuN (Figure  1E, inset) and labeling 
of horizontal interneurons in CA1 and subiculum pyrami-
dal neurons but no labeling of astroglia (Figure 1H, inset). 
Amygdala: Intense neuronal cytoplasmic A1R (Figure  1F) 
and occasional labeling of glial cells was noted in the peri-
amygdala white matter but mainly little coexpression noted 
with GFAP.

A2AR. Temporal neocortex: A stereotypical labeling 
pattern between cases was seen with A2AR labeling of as-
troglial cell types in the subpial layer and cortical layer I 
(Figure 2A), with white matter astrocytes in a perivascu-
lar distribution and subcortical location in addition to en-
dothelial labeling (Figure  2B). No neuronal labeling was 
evident. Hippocampus: There was overall marked increase 
in intensity of A2AR labeling, particularly in the sclerotic 
hippocampus (Figure  2C) compared with the temporal 
lobe, predominantly in astroglial cell types and some en-
dothelium (Figure 2E). The dentate granule cell layer and 
subgranular zone showed striking labeling with dense 
meshworks of glial cells and processes (Figure  2C,D) 
confirmed with double labeling for GFAP (Figure 2D); in 
some cases A2AR expression dominated in basal cell layer 
astroglia. CA1 showed marked labeling of astroglial cells 
(Figure 2C), and A2AR labeling was also seen in the hip-
pocampal fissure and streams of glial cells in the white 
matter. In the few cases with no sclerosis, there was less 
intense A2AR labeling of glia in CA4, CA1, and the dentate 

gyrus; also reduced labeling for A2AR in the dentate gyrus 
was apparent in type 2 compared to type 1 HS. Amygdala: 
Infrequent A2AR glial cells and processes were scattered 
with some labeling of capillary endothelium but no neuro-
nal labeling (Figure 2F).

ADK: All regions showed mainly nuclear labeling of 
small glial cells and occasional neurons with some cyto-
plasmic labeling, confirmed with co-localization with NeuN 
(Figure  2G). The superficial temporal cortex showed more 
prominent labeling compared with the deeper cortex, and nu-
clei were also prominent in the granule cell layer.

3.2 | Quantitative analysis

3.2.1 | Regional differences in expression

The highest LI in all three risk groups for A1R was in the 
dentate gyrus, with significant variation across the seven 
ROIs (P < .0001) (Table 2). For A2AR, the highest LI in the 
high- and intermediate-risk groups was in the dentate gyrus 
but for the low-risk group in CA1 (Table  2); significant 
variation across ROIs was seen for the low- and high-risk 
groups only (P  <  .0001). For ADK, the highest LI was in 
CA1 for the high- and low-risk groups and in temporal cortex 
for the intermediate-risk group (Table 2); significant varia-
tion between ROIs was present in the low-risk group only 
(P < .0001).

3.2.2 | Comparison of high- and low-risk 
SUDEP groups

There was no significant difference in A1R or ADK LI for 
any region between the three risk groups. A2AR LI was lower 
in high- than low-risk group for all regions except the amyg-
dala, reaching significance in the temporal cortex (P = .035, 
corrected for multiple comparisons, Figure 3A).

When considering type 1 HS cases only, A1R in the 
amygdala was significantly different across the risk groups 
(P =  .034, corrected for multiple comparisons), with mean 
values higher in both medium- and high-risk group compared 
with the low-risk group, reaching significance for the me-
dium-risk group (P =  .006, corrected for multiple compar-
ison, Figure  3B). There was also significantly lower A2AR 
in the temporal cortex in the high- than in low-risk groups 
(P =  .032, corrected for multiple comparisons, Figure 3A) 
but no differences were noted for ADK.

Because A1R is expressed mainly in neurons and A2AR 
in astroglia, we stained for NeuN and GFAP to evaluate 
differences in neuronal loss or gliosis between regions and 
risk groups. There was significant variation across ROIs 
for both GFAP and NeuN LI (P < .0001), but there was no 
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significant difference in NeuN or GFAP LI for any ROIs 
between the three risk groups; this was also the case when 
considering type 1 HS cases alone. Across all cases, there 
was a positive correlation with NeuN and A1R LI in all 
ROIs (P <  .01 to P <  .000) apart from the dentate gyrus 
and CA1. There was a positive correlation with GFAP LI 
and A2AR for all hippocampal and amygdala ROIs (P < .05 
to .001) but not for temporal cortex ROIs. There were no 

significant correlations between ADK and GFAP labeling 
in any region.

3.2.3 | Clinical correlations

There was a negative correlation between duration of epi-
lepsy and A1R LI (ROI1, P =  .04 and ROI2, P =  .03) and 

F I G U R E  1  Patterns of A1R labeling in regions of interest in temporal lobe epilepsy (TLE) cases. A, Superficial temporal neocortex showing 
predominant neuronal labeling including scattered layer I horizontal neurons (arrow). B, In some cases, reduced intensity of superficial cortical 
neurons was noted, particularly in cases with temporal lobe sclerosis and regions of neuronal loss (asterisk); however, labeling of glial cells in these 
regions was not increased. C, Deeper cortical layers showed more uniform and intense neuronal labeling. D, A1R granular cytoplasmic labeling 
associates with MAP2-positive cortical neurons, with MAP2 located mainly in the dendrites (arrows). E, White matter interstitial neurones were 
positive; inset shows A1R labeling of neuronal nuclear antigen (NeuN)-positive CA4 neuron. F, Granule cells showed more variable patterns 
prominent in basal cytoplasmic aspect of basal cells and somewhat diminished in more dispersed cells; inset shows double labeling with MAP2-
positive granule cells and apical dendrites. G, Low power view of the dentate double-labelled with MAP2 confirming the location of A1R in the 
granule cell layer. H, Labeling of amygdala neurons was intense; inset shows subiculum with A1R neuronal labeling, separate from adjacent 
glial fibrillary acidic protein (GFAP)-positive processes. There was no significant glial labeling for A1R in any subfields. Bar = approximately 
equivalent to 200 μm in A, B, C, & H; 75 μm in D-F; 150 μm in G; equivalent to 20 μm for insets in E and H. Abbreviations: AMYG, amygdala; 
GCL, granule cell layer; SC, subiculum; T Cx, temporal cortex; WM, white matter

A B C

D

G H

E F
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ADK LI (ROI1, P = .03) but a positive correlation with A2AR 
LI (ROI2, P = .04) in temporal lobe ROIs. In patients with a 
history of nocturnal seizures, lower A2AR labeling occurred 
in CA4 (P  =  .02), CA1 (P  =  .001), and amygdala ROIs 
(P  =  .019) (Figure  3C); it was also significantly lower in 
CA1 in patients with a history of status epilepticus compared 
with those without this history (P = .02).

4 |  DISCUSSION

In our TLE patients, we identified dominant neuronal expres-
sion of adenosine A1R, expression of A2AR in regions of astro-
cytosis, and predominant nuclear ADK expression. In patients 
at high risk for SUDEP, we observed a significant reduction 
in A2AR in the temporal cortex and increased amygdala A1R; 
this could implicate regional cellular imbalances in adenosine 

signaling as a vulnerability factor for SUDEP. The role of the 
purine nucleotide adenosine in seizure modulation is supported 
by extensive animal and human studies.2,19 Experimental evi-
dence suggests that adenosine may precipitate or contribute to 
the progression from seizure to SUDEP postictally,10,14,17,20 
although this has not been investigated using human tissues.

4.1 | A2AR, ADK, and astrocytosis 
in epilepsy

Epilepsy is associated with altered cellular distribution of 
adenosine receptors and ADK that may occur as primary or 
secondary adaptive phenomena.1,2 Earlier studies utilizing 
human tissues found enhanced neuronal expression of A1R

21 
and upregulation of A2AR in Rasmussen's encephalitis, with 
A2AR expression in lesional astrocytes, endothelium, as 

F I G U R E  2  Patterns of A2AR and adenosine kinase (ADK) labeling in regions of interest in temporal lobe epilepsy (TLE) cases. A, The 
temporal neocortex showed a relatively stereotypical labeling pattern with A2AR between cases with astroglial-like cells in subpial layer and layer 
I showing cytoplasmic expression. B, In the white matter, scattered astrocytes with perivascular distribution (arrows) and endothelial labeling 
was noted with A2AR. No neuronal labeling was apparent. C, Marked increase in intensity of labeling in hippocampus compared with the lobe 
was noted with A2AR, predominantly in astroglial cell types in CA1 and the end folium particularly (case shown is high-risk SUDEP group with 
type 1 hippocampal sclerosis). D, The dentate granule cell layers showed variable labeling intensity of dense meshworks of glial cells (arrow) and 
processes; inset shows cytoplasmic co-localization of GFAP and A2AR in cells in the dentate gyrus (case shown is low risk for SUDEP group with 
type 2 hippocampal sclerosis). E, Shows focal intense labeling of endothelium in stratum pyramidale for A2AR. F, The amygdala showed less-
frequent glial cells and processes (arrow) and endothelium labeling, but neuronal cells appeared negative (arrowhead). G, ADK in the amygdala 
showing nuclear labeling pattern in glial and occasional scattered cytoplasmic labeling in neuronal cells. Inset bottom left shows lack of cell co-
localization with GFAP and ADK in the dentate gyrus and bottom right shows focal cell co-localization with NeuN and ADK in subiculum. Bar 
in F equivalent to approximately 75 μm in A, B, 500 μm in C, 20 μm in D-G. Abbreviations: DG, dentate gyrus; T Cortex, temporal cortex; WM, 
white matter

A B C

D E F G
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well as neurons.5 In TLE, A2AR expression was primarily 
co-localized with hippocampal GFAP-positive astrocytes 
but not neuronal markers, showing increased receptor ex-
pression compared with postmortem controls.4 Astrocytic 
A2AR regulates cellular Na+/K+ ATPase, glutamate uptake 
and inflammatory cytokine release, and receptor upregula-
tion was observed following varied brain insults.22 In our 
study, A2AR expression was predominantly astroglial, sup-
ported by the correlation between A2AR and GFAP staining 
in mesial temporal regions; there was also a positive correla-
tion with duration of epilepsy in the temporal lobe regions. 
The relative reduction of A2AR in the temporal cortex in the 
high SUDEP risk group, despite no quantitative differences 
in gliosis between the risk groups, suggests impaired adapta-
tion and adenosine modulation as well as glial dysfunction 
in response to seizures as a vulnerability factor for SUDEP. 
Our study was limited to the temporal cortex and it would be 
important to extend a similar study to other cortical regions, 
for example, the insular and cingulate cortex, that have been 
structurally and functionally implicated in recent clinical and 
neuroimaging studies in SUDEP.23-26 Furthermore, A2AR re-
ceptors have high density on normal cerebral microvessels in 
contrast to A1R,27 and A2AR modulates blood-brain barrier 
permeability.28 Our previous postmortem study found no ev-
idence for acute blood-brain barrier insufficiency in SUDEP 
postmortem brains.29 Nevertheless, in the present series, 
intense endothelial A2AR expression was observed in some 
cases, although this was not separately quantified; it is of 
potential relevance to the significant microvascular dysfunc-
tion in focal epilepsy30 and warrants further investigation.

Astrocytes regulate the adenosine cycle during and after 
seizures: Following high levels of neuronal activity, cyto-
plasmic ATP is released through exocytosis or hemi-chan-
nels (“gliotransmission”)31; then following degradation, glial 
reuptake of adenosine occurs via nucleotide transporters 
with phosphorylation by cytoplasmic ADK. Astroglial ADK 
is the major metabolic clearance route for adenosine2 and 
represents a candidate treatment target in epilepsy. Glial pro-
liferation and astrocytosis occurs in most surgical epilepsy 
specimens with myriad pathophysiological contributions, 
such as recycling neuromodulators.32,33 ADK upregulation 
was reported in the balloon cells of focal cortical dyspla-
sia,6 reactive astrocytes in Rasmussen’s encephalitis,21 and 
in TLE.34 In contrast to these reports, we did not demon-
strate significant cytoplasmic glial ADK in our series or a 
correlation with gliosis as measured by GFAP labeling. This 
discrepancy may be explained by our antibody, which was 
selected for its optimal labeling in temporal lobe fixed-tissue 
samples but has preferential recognition of the long isoform 
of ADK. ADK isoforms are developmentally regulated in the 
brain; the short isoform of ADK preferentially locates to the 
cytoplasm for adenosine clearance, whereas the long isoform 
is nuclear, with mainly epigenetic regulatory roles.35T
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4.2 | A1R expression and the amygdala

High A1R binding densities occur in CA1,36 intermediate 
to high concentrations in the amygdala, and lower levels 
in brainstem.37 In the cortex, A1R neuronal labeling was 
more intense in layer V than superficial cortex,38 consist-
ent with our observations. In quantitative studies of TLE 
tissues, A1R labeling in the hippocampus and dentate 
gyrus was reduced compared with nonepilepsy controls,39 
whereas another study of the amygdala found similar A1R-
binding densities in TLE patients and controls.40 Here, we 
observed increased A1R in the amygdala in the high-risk 
group when we stratified cases into type 1 HS alone. The 
extent of amygdala sclerosis associated with HS is a rel-
evant variable,41 but we did not observe any difference in 
NeuN labeling in any region, as a measure of neuronal num-
ber, between the risk groups. In addition, we found lower 
A2AR labeling in amygdala and mesial temporal regions in 
patients with nocturnal seizures, a risk factor for SUDEP42; 

together this supports amygdala A1R/A2AR imbalance in 
cases with higher SUDEP risk.

There is accumulating clinical evidence for amygdala in-
volvement in SUDEP; MRI studies revealed increased right-
sided gray matter volumes16 and clinical studies record apnea 
following electrical stimulation of the amygdala.43-45 Of interest, 
tolerance to hypoxia is mediated through A1R,46 and patients 
with apnea undergoing amygdala stimulation had no symptoms 
of dyspnea,45 which could be an adenosine-mediated effect. 
Furthermore, evidence supports brainstem spreading depolar-
ization as a final postictal event in SUDEP47; in the CACNA1A 
model of SUDEP, spreading depolarization extended through 
subcortical regions and the amygdala before brainstem exten-
sion.48 There is evidence that adenosine may be responsible for 
prolonged depression of synaptic transmission after spreading 
depolarization via A1R receptor activation.49 Of note, the neu-
ronal labeling we observed included cytoplasmic labeling and 
is likely also detecting internalized A1R nonfunctioning re-
ceptors, in addition to functional membrane receptors. A1R 

F I G U R E  3  Graphs of regional A1R and A2AR labeling in relation to SUDEP risk, hippocampal sclerosis and nocturnal seizures. A, Scatter 
graph of A2AR labeling index shown in high and low risk groups, in all cases and with type I HS only, both showing significantly lower A2AR in 
the temporal cortex (ROI1) in high risk group. B, Scatter graph of A1R labeling index in the amygdala (ROI7) which was higher in high risk and 
medium risk compared to low SUDEP risk group. C, A2AR regional labeling in cases with nocturnal seizures showed lower labeling in hippocampal 
and amygdala ROI; *significant in CA4 (P = .02), CA1 (P = .001) and amygdala ROI (P = .019).
Abbreviations: AMYG, amygdala; DG, dentate gyrus; H, high; HS, hippocampal sclerosis; L, Low; M, medium; TCX, temporal cortex; ROI, 
region of interest; SUBIC, subiculum; WM, white matter
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receptors have been shown in culture to have a fast recycle time 
of 60-120 minutes from internalization back to the neuronal 
membrane.50 In the current study, one interpretation is that 
cytoplasmic A1R labeling correlates with increased nonfunc-
tional receptor manifesting as reduced suppression of amyg-
dala activity in high risk cases. A limitation of the resolution of 
immunohistochemistry is that it is not possible to discriminate 
functional membranous from nonfunctional receptors or recep-
tor binding and this requires further investigation through other 
methods.

Further limitations of the study include the use of tissues 
derived from surgical cases in which clinical risk factors for 
SUDEP were used, rather than tissue from SUDEP cases. 
Our risk stratification was based on a single, albeit strong, 
risk factor (frequency of generalized convulsions) and de-
pends on the accuracy of the clinical records and database. 
The use of surgical tissue limits us to the examination of hip-
pocampus, temporal cortex, and amygdala; postmortem tis-
sues would be required to study other autonomic (eg, insula, 
hypothalamus) and brainstem regions and further extended 
studies in SUDEP cases compared with nonepilepsy controls 
is essential. Nevertheless, the main advantage of initiating 
SUDEP studies in surgical tissues is the uniformity of the 
underlying pathology, fixation times (lack of variable post-
mortem intervals, and tissue degradation), and that identical 
ROIs can be studied. We have only applied immunohisto-
chemistry in this study and these initial findings should be 
validated and confirmed with additional methodologies to 
assess functional receptor status. Furthermore, there is con-
siderable literature proposing serotonin as an important neu-
romodulator in SUDEP,20 which could act synergistically 
with adenosine; this will be addressed in future studies in 
these HS/TLE cases.

In summary, in a series of risk-stratified epilepsy surgical 
cases, reduced cortical A2AR in glial cell types could indicate 
impaired adenosine modulation in response to seizures in 
patients at higher risk for SUDEP. Increased amygdala neu-
ronal A1R in the high-risk group could contribute to peri-ic-
tal amygdala dysfunction in SUDEP and warrants further 
investigation.
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