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Abstract
Purpose:	Adenosine kinase (ADK) represents the key metabolic enzyme for the regulation 

of extracellular adenosine levels in the brain. In adult brain ADK is primarily present in astro-

cytes. Several lines of experimental evidence support a critical role of ADK in different types 

of brain injury associated with astrogliosis, which is also a prominent morphological feature 

of temporal lobe epilepsy (TLE). We hypothesized that dysregulation of ADK is a ubiquitous 

pathological hallmark of TLE. 

Methods:	Using immunocytochemistry and Western blot analysis, we investigated ADK pro-

tein expression in a rat model of TLE during epileptogenesis and the chronic epileptic phase 

and compared those findings with tissue resected from TLE patients with mesial temporal 

sclerosis (MTS).

Key	findings:	In rat control hippocampus and cortex, a low baseline expression of ADK was 

found with mainly nuclear localization. One week after the electrical induction of status epi-

lepticus (SE), prominent up-regulation of ADK became evident in astrocytes with a charac-

teristic cytoplasmic localization. This increase in ADK persisted at least for 3–4 months after 

SE in rats developing a progressive form of epilepsy. In line with the findings from the rat 

model, expression of astrocytic ADK was also found to be increased in the hippocampus and 

temporal cortex of patients with TLE. In addition, in vitro experiments in human astrocyte 
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cultures showed that ADK expression was increased by several proinflammatory molecules 

(interleukin-1β and lipopolysaccharide).

Significance: These results suggest that dysregulation of ADK in astrocytes is a common 

pathological hallmark of TLE. Moreover, the in vitro data suggest the existence of an ad-

ditional layer of modulatory crosstalk between the astrocyte-based adenosine cycle and 

inflammation. Whether this interaction also can play a role in vivo needs to be further in-

vestigated.

Introduction	
Temporal lobe epilepsy (TLE) is a common neurological disorder and mesial temporal scle-

rosis (MTS) represents a frequent pathophysiological substrate of TLE (Engel 2001, Wieser 

2004).  However, MTS represents the pathological substrate of a process that occurs over a 

long period of time, following an initial injury (i.e. febrile seizures, status epilepticus (SE) of 

several causes, cerebral trauma) (Engel, et al. 2003, Pitkanen 2010). 

Large-scale analysis of gene expression studies performed in different experimental models 

of TLE revealed that the biological process that emerges as the most prominent during epi-

leptogenesis is related to glial activation (Aronica & Gorter 2007, Lukasiuk, et al. 2006). As-

trogliosis is indeed a major pathological feature of MTS (Blümcke, et al. 2009, Wieser 2004) 

and recent data suggest a role for astroglial cells in epilepsy, indicating that astroglia can 

display different functional phenotypes within the epileptic focus, contributing to seizure 

development (Binder & Steinhauser 2006, Seifert, et al. 2010, Wetherington, et al. 2008). 

Recently attention has focused on the role of astrocytic adenosine kinase (ADK). This en-

zyme is responsible for the phosphorylation of adenosine into AMP and has been shown to 

critically regulate the extracellular adenosine levels in brain (Boison 2006, Etherington, et 

al. 2009). In particular, increased levels of astrocytic ADK  have been reported  in the kainic 

acid-induced mouse model of TLE and inhibition of ADK has been shown to be an effective 

anticonvulsant strategy in this model  (Fedele, et al. 2005a, Gouder, et al. 2004); reviewed in 

(Boison 2008, Boison 2010)). A key challenge in translating the link between ADK expression 

and epilepsy into the clinic is represented by the generalization of these findings to different 

animal models and validation of those findings in appropriate patient populations.  

In order to understand the dynamics of ADK expression during development and progres-

sion of epilepsy we evaluated the expression and cellular distribution of ADK in a rat model 

of TLE (post-SE model induced by electrical stimulation), as well as in hippocampal and corti-

cal specimens of MTS patients. Moreover, we investigated whether ADK could be regulated 

by IL-1b, a proinflammatory cytokine that has been shown to be activated in epileptic tissue 

(Vezzani & Baram 2007).
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Material	and	methods
Experimental	animals
Adult male Sprague Dawley rats (Harlan CPB laboratories, Zeist, The Netherlands) weighing 

300-500 grams were used in this study which was approved by the Animal Welfare com-

mittee of the University of Amsterdam, and which is in accordance with the NIH guidelines 

for the care and use of experimental animals. All experimental protocols followed the Euro-

pean Communities Council directive 86/609/EEC and the Dutch Experiments on Animal Act 

(1997), and were approved by the Dutch animal welfare committee (DEC).

The rats were housed individually in a controlled environment (21±1°C; humidity 50-60%; 

lights on 08:00 AM - 8:00 PM; food and water available ad libitum).

Electrode	implantation	and	seizure	induction
Adequate measures were taken to minimize pain or discomfort. Rats were anaesthetized 

with an intramuscular injection of ketamine (57 mg/kg; Alfasan, Cuyk, The Netherlands) and 

xylazine (9 mg/kg; Bayer AG, Germany) and placed in a stereotactic apparatus. In order to 

record hippocampal EEG, a pair of insulated stainless steel electrodes (70 µm wire diameter, 

tips were 80 µm apart) were implanted into the left dentate gyrus (DG) under electrophysi-

ological control as previously described (Gorter, et al. 2001). A pair of stimulation electrodes 

was implanted in the angular bundle. Two weeks after implantation rats underwent tetanic 

stimulations (50 Hz) of the hippocampus in the form of a succession of trains of pulses every 

13 seconds. Each train had a duration of 10 seconds and consisted of biphasic pulses (pulse 

duration 0.5 ms, maximal intensity 500 µA). Stimulation was stopped when the rats dis-

played sustained forelimb clonus and salivation for minutes, which usually occurred within 

1 hour. However, stimulation never lasted longer than 90 minutes.  Differential EEG signals 

were amplified (10x) via a FET transistor that connected the headset to a differential ampli-

fier (20x; CyberAmp, Axon Instruments, Burlingame, CA, USA), filtered (1-60 Hz), and digi-

tized by a computer. A seizure detection program (Harmonie, Stellate Systems, Montreal, 

Canada) sampled the incoming signal at a frequency of 200 Hz per channel. EEG recordings 

were monitored also visually and screened for seizure activity. Behavior was observed dur-

ing electrical stimulation and several hours thereafter. Immediately after termination of the 

stimulation, periodic epileptiform discharges (PEDs) occurred at a frequency of 1-2 Hz and 

they were accompanied by behavioral and EEG seizures (status epilepticus; SE). Most rats 

were monitored continuously from the cessation of SE to the time of sacrifice (24 h to 1 

week). The chronic epileptic group (3-4 months after SE) was monitored during and shortly 

after SE and during 3-5 days before sacrifice in order to determine the frequency of spon-

taneous seizures. Sham-operated control rats were handled and recorded identically, but 
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did not receive electrical stimulation. None of these rats needed to be reimplanted. Chronic 

epileptic rats had frequent daily seizures (range, 5–12). The time between the last spontane-

ous seizure and sacrifice was < 5 h.  

Rat	tissue	preparation 

Rats were disconnected from the EEG recording set-up and deeply anesthetized with pento-

barbital (Nembutal, intraperitoneally, 60 mg/kg). For immunocytochemistry, the animals 

were perfused through the ascending aorta with 300 ml of 0.37 % Na2S solution, followed by 

300 ml 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Thereafter, the brains were 

removed, incubated for 72 hours in 0.3 M EDTA, pH 6.7 (Merck, Amsterdam, The Nether-

lands) and paraffin embedded. Paraffin-embedded tissue was sectioned at 6 µm, mounted 

on pre-coated glass slides (Star Frost, Waldemar Knittel GmbH, Brunschweig, Germany) and 

were used for immunocytochemistry. Horizontal sections were analyzed at a midlevel of the 

brain (5300–6100 μm below cortex surface). Immunocytochemistry was performed on two 

adjacent serial sections from each group [control, n=6; 24 h, n= 5; 1 week, n=6; 3-4 months, 

long term (LT) epilepsy, progressive pLT, n= 5 and non-progressive, npLT, n=5 and non-SE 

rats, n=3). Progressive epileptic rats (pLT) were characterized by frequent daily seizures that 

had progressed over time until epilepsy had developed with a rather stable frequency (~10 

seizures/day). Non-progressive epileptic rats (npLT), were characterized by exhibiting an oc-

casional seizure per week, the frequency of which did not increase over time (~1 seizure/

week). Non-SE rats did not develop a SE during stimulation and were included as controls 

and were sacrificed 3-4 months after stimulation. Two additional serial slices were used for 

the double staining, as described below.  

For Western blot analysis, animals were decapitated in the acute phase (one day after SE, 

n=4), in the latent period (1 week after SE, n=6; the rats in this group did not yet exhibit 

spontaneous seizures) and in the chronic epileptic phase, LT (progressive pLT n=5 and non-

progressive, npLT n=4). Control rats (n=6) were implanted but not stimulated. The temporal 

cortex was dissected and immediately frozen on dry ice and stored at -80 °C until use (West-

ern blot analysis).

 

Human	material
The human cases included in this study were obtained from the files of the Departments 

of Neuropathology of the Academic Medical Center (AMC, University of Amsterdam) and 

the VU University Medical Center (VUMC). Eleven patients underwent resection of the hip-

pocampus for medically intractable TLE. Informed consent was obtained for the use of brain 

tissue and for access to medical records for research purposes. All samples were obtained 
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and used in a manner compliant with the Declaration of Helsinki. Two neuropathologists 

reviewed all cases independently. In 6 cases a pathological diagnosis of HS (without extra-

hippocampal pathology) was made. The HS specimens include 4 cases of classical HS (grade 

3, mesial temporal sclerosis type 1a) and 2 cases of severe HS (grade IV; mesial temporal 

sclerosis type 1b; (Blumcke, et al. 2007, Wyler, et al. 1992). Five non-HS cases, in which a 

focal lesion [ganglioglioma not involving the hippocampus proper] was identified, were also 

included to provide a comparison group to HS cases. Control hippocampal tissue was ob-

tained at autopsy from 6 patients without history of seizures or other neurological diseases. 

All autopsies were performed within 12 hours after death. Table	1	(supplementary)	sum-

marizes the clinical features of TLE and control cases. 

Tissue was fixed in 10% buffered formalin and embedded in paraffin. Paraffin-embedded 

tissue was sectioned at 6 µm, mounted on organosilane-coated slides (Star Frost, Waldemar 

Knittel GmbH, Brunschweig, Germany) and used for in situ hybridization and immunocyto-

chemistry as described below.

Temporal cortex from control patients (n=5) and surgical cortex from MTS patients (n=5) was 

snap frozen in liquid nitrogen and stored at −80°C until further use (western blot analysis).

Immunocytochemistry
Glial fibrillary acidic protein (GFAP; polyclonal rabbit, DAKO, Glostrup, Denmark; 1:4000), 

vimentin (mouse clone V9, DAKO; 1:1000), neuronal nuclear protein (NeuN; mouse clone 

MAB377, IgG1; Chemicon, Temecula, CA, USA; 1:2000) and (HLA)-DP, DQ, DR (mouse clone 

CR3/43; DAKO, Glostrup, Denmark, 1:400) were used in the routine immunocytochemical 

analysis of TLE human specimens. 

For the detection of ADK, we used a polyclonal rabbit antibody (1:500; (Ren, et al. 2007, 

Studer, et al. 2006). Single-label immunocytochemistry was performed with Powervision 

(Immunologic, Duiven, The Netherlands). 3,3-Diaminobenzidine was used as chromogen. 

Sections were counterstained with Haematoxylin. For double-labeling studies, sections, af-

ter incubation with primary antibodies, were incubated for 2 h at RT with Alexa Fluor® 568 

and Alexa Fluor® 488 (anti-rabbit IgG or anti-mouse IgG; 1:200; Molecular probes, Eugene, 

USA). 

For double labeling we also used the anti-doublecortin (DCX; Abcam 1:4000; Cambridge, 

UK). Sections were analyzed by means of a laser scanning confocal microscope (Bio-Rad, 

Hercules, CA, USA; MRC1024) equipped with an argon-ion laser.

Quantitative analysis was also performed in rat hippocampus and the number of positive 

cells was quantified as previously described (Maroso, et al. 2010). Briefly, two represent-

ative adjacent non-overlapping fields of the hippocampus (CA1, CA3 and hilar region of 
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the dentate gyrus, DG) were captured (magnification 40x; total area of each field: 171,600 

μm2) and digitized using a laser scanning confocal microscope (Bio-Rad, Hercules, CA, USA; 

MRC1024). We counted the total number of GFAP-positive cells, and those showing nuclear 

or extra-nuclear ADK staining.  

Cell cultures
For cell culture experiments (astrocyte-enriched human cultures), fetal brain tissue (22–23 

weeks of gestation) was obtained from spontaneous or medically induced abortions with 

appropriate maternal written consent for brain autopsy. Resected tissue samples were 

collected in Dulbecco’s modified Eagle’s medium, DMEM/HAM F10 (1:1) medium (Gibco, 

Grand Island, NJ). Cell isolation was performed as previously described (Aronica et al., 

2003; Aronica et al., 2005c). Briefly, after removal of meninges and blood vessels, tissue 

was dissociated by incubation at 37°C for 20 min in a Hank’s balanced salt solution contain-

ing 2.5 mg/ml trypsin (Sigma, St. Louis, MO, USA) and 0.1 mg/ml bovine pancreatic Dnase 

I (Boehringer Mannheim, Germany). Tissue was triturated and washed with DMEM/HAM 

F10 medium, supplemented with 50 units/ml penicillin and 50 µg/ml streptomycin and 10% 

fetal calf serum (FCS). Cell suspensions (containing ~0.5 g wet weight tissue/10 ml culture 

medium) were passed through a 70 µm cell sieve (Becton Dickinson, USA) and plated into 

poly-L-lysine (PLL; 15 µg/ml, Sigma), pre-coated 25 cm2 flasks (Falcon, Lincoln Park, NJ) and 

maintained in a 5% CO2 incubator at 37°C. After 48 h the culture medium was replaced by 

fresh medium and cultures were subsequently fed twice a week. Cultures reached conflu-

ence after 2-3 weeks. Secondary astrocyte cultures were established by trypsinizing con-

fluent cultures and sub-plating onto PLL-precoated  6 wellplates or 75 cm2 flasks (0.5-1 X 

106 cell/ml; for Western blot analysis or for the generation of serial passages respectively)  

More than 98% of the cells in primary culture, as well as in the successive 12 passages were 

strongly immunoreactive for the astrocytic marker GFAP. In the present study astrocytes 

were used for Western blot analysis at passage 3-4.  IL-1 ß (10 ng/ml; IL-1b, Peprotech, NJ, 

USA) or LPS (lipo polysaccharide; 100 ng/ml; Sigma, St. Louis, MO, USA) were applied and 

maintained in serum free medium for 24 h before harvesting them for Western blot analysis. 

As previously shown (Aronica et al., 2005c), the viability of human astrocytes in culture was 

not influenced by the treatments. 

Western	blot	analysis
For immunoblot analysis, samples were homogenized in lysis buffer containing 10 mM Tris 

(pH 8.0), 150 mM NaCl, 10% glycerol, 1% NP-40, Na-orthevanadate (10.4 mg/ml), 5 mM 

EDTA (pH 8.0), 5 mM NaF and protease inhibitor cocktail (Boehringer Mannheim, Germany). 
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Protein content was determined using the bicinchoninic acid method. For electrophoresis, 

equal amounts of proteins (30 µg/lane) were separated by sodium dodecylsulfate-poly-

acrylamide gel electrophoretic (SDS-PAGE) analysis. Separated proteins

were transferred to nitrocellulose paper for 1 h and 30 min, using a semi-dry electroblot-

ting system (BioRad, Transblot SD, Hercules, CA, USA). Blots were incubated over night in 

TTBS (20 mM Tris, 150 mM NaCl, 0.1% Tween, pH 7.5)/5% non fat dry milk, containing the 

primary antibody (1:5000). After several washes in TTBS, the membranes were incubated 

in TTBS/5% non fat dry milk/1% BSA, containing the goat anti-rabbit or goat anti-mouse an-

tibodies coupled to horse radish peroxidase (1:2500; Dako, Denmark) for 1 h. After washes 

in TTBS, immunoreactivity was visualized using Lumi–light PLUS western blotting substrate 

(Roche Diagnostics, Mannheim, Germany) and digitized using a Luminescent Image Analyzer 

(LAS-3000, Fuji Film, Japan). Expression of β-actin (monoclonal mouse, Sigma, St. Louis, MO, 

USA 1:50.000) was used as reference. Statistical analyses were performed with SPSS for 

Windows (SPSS 11.5, SPSS Inc., Chicago, IL, USA) using two-tailed Student’s t-test; to assess 

differences between more than two groups, ANOVA and a non-parametric Kruskal–Wallis 

test followed by Mann–Whitney U-test were performed. P < 0.05 was considered significant.

Results 
 Overexpression of ADK in hippocampus of rats with progressive course of TLE

To determine the temporal-spatial expression and cellular distribution of ADK we performed 

immunocytochemistry in tissue samples of control rats and rats that were sacrificed at dif-

ferent time points after SE (1 day, 1 week and 3 months post-SE). Control hippocampus dis-

played weak ADK immunoreactivity (IR) in the different hippocampal subfields (Fig. 1 A-B).  

No ADK IR was detected in neurons, however nuclear ADK IR was observed in resting glial 

cells. Only sparse nuclear ADK IR was observed at one day post-SE (not shown). At 1 week 

post-SE (Fig. 1C-H), ADK IR (with cytoplasmic staining) was detected within the different hip-

pocampal regions in glial cells with the morphology of reactive astrocytes (Fig. 2D-H). Dou-

ble labelling confirmed ADK expression in GFAP-positive reactive astrocytes (Figure 1H). The 

large majority of pyramidal neurons in CA1 and CA3 regions did not display ADK expression 

(Fig. 1D-E, insets), however occasionally neuronal IR was observed  (Fig. 1D, inset). Strongly 

stained ADK positive cells in the subgranular zone of the DG did not appear to co-localize 

with DCX (Fig. 1G, inset).  

Chronic epileptic rats can be divided in rats with frequent daily seizures and a progressive 

form of epilepsy (pLT) and rats that had rare seizures that did not progress over time (npLT). 

In chronic epileptic rats that had a progressive form of epilepsy (3-4 months post-SE; pLT), 

ADK was still increased in astrocytes and a weak ADK IR was detected in some neurons (Fig. 
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Figure	1.		Immunostaining	of	ADK	in	hippocampal	tissue	of	control	rat	and	after	induction	of	status	
epilepticus	(SE). Immunostaining of ADK in hippocampal tissue of control rat and after induction of 
SE. (A, B) Control hippocampus showing low ADK IR in the different hippocampal subfields. (B) CA3 
region showing no detectable IR in neurons and sparse nuclear IR in glial cells (inset). (C–H) Hippocam-
pus 1 week post-SE showing increased ADK expression in glial cells within the different hippocampal 
subfields, including CA3 (D), CA1 (E–F; arrows), DG [G–H, arrows; arrowheads in (G) indicate ADK posi-
tive cells in the subgranular zone] regions; inset a in (D) ADK positive astrocytes in CA3; inset b in (D) 
merged confocal image, showing ADK positive glial cells (red) surrounding the NeuN (green) positive 
neuronal cells in CA3. Inset c in (D) ADK (red) NeuN (green) colocalization. (E) Merged confocal image, 
showing ADK-positive glial cells (red) surrounding the NeuN (green) in CA1; inset in (G) absence of 
colocalization of ADK (red) and DCX (green) in the subgranular zone; inset in (H) expression of ADK 
(red) in astrocytes (GFAP positive, green). Scale bars: A, C: 560 μm; B, D: 140 μm; E: 20 μm; G: 70 μm; 
F, H: 40 μm.
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Figure	2.	 	ADK	 IR	 in	 rat	hippocampus	3–4	month	after	 SE.	 (A,	C,	 E,	G) Hippocampus of rats with 
long-term epilepsy, progressive (pLT; approximately 10 seizures/day; last seizure <2 h before sacrifice) 
showing both nuclear and cytoplasmic ADK IR in different hippocampal subfields, including CA3 (C; 
inset), CA1 (E; inset a), and dentate gyrus (DG, G; inset); Inset in (C) ADK-positive glial cells surrounding 
a neuron with weak ADK. Inset b in (E) expression of ADK (red) in astrocytes (GFAP positive, green). 
(B, D, F, H) Hippocampus of rats with long-term epilepsy, nonprogressive (npLT; 1 seizure every other 
day; last seizure at least 1 day before sacrifice), showing low ADK IR in different hippocampal subfields; 
mainly nuclear IR is observed in sparse glial cells in CA3 (D, inset), CA1 (F) and DG (H; inset). Scale bars: 
A, C: 280 μm; C, D: 140 μm; E–H: 70 μm.
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2 A, C, E, G). Co-localization studies indicated that ADK was expressed in GFAP positive cells 

(astrocytes; Fig. 2 E, inset b). In contrast, in chronic epileptic rats that had a non-progressive 

form of epilepsy (3-4 months post-SE; npLT) the expression pattern was similar to control 

hippocampus, with no neuronal expression and a few positive glial cells with nuclear IR 

(Fig. 2 B, D, F, H). Similar IR pattern, without neuronal expression, was observed in non-SE 

rat hippocampus (not shown). Quantitative analysis confirmed the increased expression of 

ADK (nuclear and extra-nuclear staining) at both 1 week and 3-4 months (chronic epileptic 

rats with progressive form of epilepsy) post SE in astrocytes within different hippocampal 

regions (Fig. 3 A-C). 

Figure	3.		Evaluation	of	ADK	astroglial	immunoreactivity	in	hippocampal	regions	of	control	rat	and	af-
ter	induction	of	status	epilepticus	(SE). Bar diagrams of ADK-positive cells in CA1 (A), CA3 (B), and den-
tate gyrus (hilar region; C) of control hippocampus and hippocampus at 24 h, 1 week and 3–4 months 
post-SE [rats with long-term epilepsy, progressive, pLT (approximately 10 seizures/day; last seizure 
<2 h before sacrifice) and rats with long-term epilepsy, nonprogressive, npLT (1 seizure every other 
day; last seizure at least 1 day before sacrifice)]. Nuclear and extranuclear staining: *p < 0.05 versus 
control, one-way ANOVA followed by Tukey’s test.
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ADK	expression	in	rat	temporal	cortex
To determine the temporal-spatial expression and cellular distribution of ADK in tempo-

ral cortex, we performed immunocytochemistry in tissue samples of control rats and rats 

that were sacrificed at different time points after SE (1 day, 1 week, and 3–4 months post-

SE). Control cortex displayed weak ADK IR (Fig. S1A). No ADK IR was detected in neurons; 

however, sparse, mainly nuclear ADK IR was observed in resting glial cells (inset in A). Only 

sparse nuclear ADK IR was observed at 1 day post-SE (not shown). At 1 week post-SE (Fig. 

S1B,C), increased ADK IR was observed (with cytoplasmic staining) in glial cells. ADK IR was 

also observed in a few neuronal cells (Fig. S1C, insets a,c). In chronic epileptic rats that had 

a progressive form of epilepsy (3–4 months post-SE; pLT; Fig. S1D,E), increased ADK IR, with 

cytoplasmic localization, was still detected in glial cells. Colocalization studies confirmed 

ADK-expression in GFAP-positive cells (astrocytes; Fig. S1E, inset). In contrast, in chronic 

epileptic rats that had a nonprogressive form of epilepsy (3–4 months post-SE; npLT) only 

sparse nuclear IR was detected in glial cells (Fig. S1F).

Figure	4.	Western	blot	analysis	of	ADK	in	temporal	cortex	of	control	rat	and	after	induction	of	SE. (A) 
Representative immunoblots of total homogenates from control rat cortex and after induction of SE 
(24 h, 1 week, 3–4 months long term progressive epilepsy, pLT, and nonprogressive, n-pLT). (B) Den-
sitometric analysis: values (optical density units, O.D.) are mean ± standard error of the mean (SEM), 
(control, n = 6; 24 h, n = 4; 1 week, n = 6; pLT, n = 5; npLT, n = 4), relative to the optical density of β-actin; 
*p < 0.05 compared to controls.
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Figure	5.	Distribution	of	ADK	immunoreactivity	 in	the	hippocampus	and	temporal	cortex	(Ctx)	of	
control	and	TLE	patients	with	MTS.	( A, C, E) Control hippocampus (A, CA3; C, dentate gyrus, hilar 
region) and Ctx (E) showing weak ADK IR in both glial and neuronal cells (insets a, b in E). Sections are 
counterstained with hematoxylin. Histologically normal surgical hippocampus and cortex displayed a 
pattern of IR similar to that observed in control autopsy hippocampus (not shown). (B, F) MTS, hip-
pocampal sclerosis (B, CA3; F, dentate gyrus, hilar region), showing increased ADK expression. Expres-
sion was observed in residual neurons (arrowhead in D) and in reactive astrocytes (arrows in D). (F) 
MTS, temporal cortex showing increased ADK expression with both neuronal and glial IR (insets). Scale 
bars: A, B: 160 μm; C, D: 40 μm; E, F: 40 μm. Western blot analysis of ADK in temporal cortex: repre-
sentative immunoblots (G) and densitometric analysis (H) of total homogenates from autopsy control 
temporal cortex and surgical cortex from MTS and non-MTS specimens. (H) Densitometric analysis: 
values (optical density units, O.D.) are mean ± SEM, five controls, five MTS, and four non-MTS, relative 
to the optical density of β-actin; *p < 0.05.
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Western blot analysis of total homogenates of rat temporal cortex revealed a band at mo-

lecular weight of approximately 40 kDa (Fig. 4A). Densitometric analysis (Fig. 4B) of control 

cortex and cortex from rats at different time points after SE (1 day, 1 week and 3–4 months 

post-SE) revealed a significant increase in ADK expression at 1 week and in chronic epileptic 

rats that had a progressive form of epilepsy (pLT).

ADK	expression	in	hippocampal	sclerosis	
The expression and cellular distribution of ADK was studied by immunocytochemistry in hip-

pocampal specimens of control and TLE patients with MTS. In control (autopsy) hippocam-

pus, ADK displayed weak staining in the different hippocampal subfields, including CA3–CA4 

regions (Fig. 5A,C) and cortex, (Fig. 5E). A similar immunoreactivity pattern was observed 

in non-MTS specimens (not shown). In HS specimens, ADK IR was observed in cells with 

typical astroglial morphology (Fig. 5B,F). Double labeling confirmed ADK expression in GFAP-

positive reactive astrocytes (Fig. 5D, inset). Weak to moderate ADK IR was also observed in 

a few neuronal cells (Fig. 5F). No detectable ADK IR was observed in cells of the microglial/

macrophage lineage.

Western blot analysis was also performed to quantify the total amount of ADK in total ho-

mogenates of control autopsy cortex and surgical cortex from MTS and non-MTS patients 

(Fig. 5G). Densitometric analysis revealed a significant increase of ADK expression in MTS 

compared to control and non-MTS specimens (Fig. 5H). No significant correlation was ob-

served between Western blot data (optical density values) and different clinical variables.

Figure	 6.	 ADK	 	 in	 hu-
man	 astrocytes	 in-
duced	 by	 IL-1b	 and	
LPS. 
ADK in human astro-
cytes induced by IL-1β 
and LPS. (A) Repre-
sentative immunoblot 
of total homogenates 
from human fetal as-
trocytes untreated 
and treated for 24 h 
with 10 ng/ml IL-1β 
or 100 ng/ml LPS. (B) 
Densitometric analy-
sis: values (optical 
density units, O.D.) 
are mean ± SEM, (con-
trol, n = 3; IL-1β, n = 4 
and LPS, n = 4 treated 
astrocytes), relative 
to the optical density 
of β-actin; *p < 0.05, 
compared to controls.
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ADK	in	cultured	astrocytes
 Because IL-1β is known to be activated in both experimental and human TLE (Ravizza et al., 

2008; Vezzani et al., 2008), we also investigated whether this inflammatory cytokine could 

play a role in the regulation of the expression of ADK. Astrocyte-enriched human cell cul-

tures were exposed to LPS and to IL-1β. Western blot analysis performed in total homoge-

nates demonstrated that both IL-1β and LPS increased the expression of ADK in cultured 

human astrocytes (Fig. 6A,B). 

Discussion
Astrocytes play a major role in the regulation brain levels of adenosine, which is an endog-

enous neuroprotectant and anticonvulsant (Boison 2006, Boison, et al. 2010, Etherington, 

et al. 2009). Mouse models of epilepsy support a role for astrocytic ADK regulation in epi-

leptogenesis (Boison 2008, Boison 2010). Until now however it has not yet been established 

whether dysregulation of ADK is a common mechanism being operative in several forms of 

epilepsy. We therefore assessed the cellular distribution and expression of ADK in both rat 

and human chronic epileptic tissue.

 ADK is known to be rapidly downregulated under different conditions of acute brain injury 

(Pignataro, et al. 2008). Accordingly, in a previous micro-array study which was performed 

in the electrical post-SE rat model we observed that the ADK gene is down-regulated 24 hrs 

after induction of SE in the CA3 region of the hippocampus (Gorter, et al. 2006). This regula-

tion likely represents an attempt to increase the protective levels of adenosine (Pignataro, 

et al. 2008), but my also contribute, in concert with the regulation of  glial adenosine recep-

tor (AR) expression to the development of astrogliosis (Boison 2010, Hask, et al. 2005)  

In the post-SE rat model (similarly to the mouse models of epileptogenesis (Boison 2010)) 

we detected an upregulation of ADK protein during the latent phase (1 week post SE) both in 

hippocampus and temporal cortex, which precedes the development of spontaneous elec-

trographic seizures and is characterized by prominent astrogliosis. Immunocytochemical 

analysis showed ADK expression in reactive astrocytes with both nucleus and cytoplasmic 

labeling. Two isoforms of ADK have been identified in mammalian organisms and they have 

a different subcellular localizations (ADK-long and –short isoforms with respectively nuclear 

and cytoplasmic localization) and different functions (Cui, et al. 2009). Nuclear ADK is likely 

involved in epigenetic mechanisms, such as methylation reactions, whereas the cytoplas-

mic isoform is thought to regulate the extracellular levels of adenosine. Accordingly, mice 

constitutively overexpressing a transgene for the cytoplasmic isoform of ADK are character-

ized by a reduced adenosine tone, and display spontaneous seizures, as well as increased 

susceptibility to seizure-induced neuronal cell death (Fedele, et al. 2005b, Li, et al. 2008a, 
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Li, et al. 2008b, Pignataro, et al. 2007). This dual functionality is also suggested by previous 

developmental studies (Studer, et al. 2006). In addition, a more recent study confirms the 

differential role of ADK isoforms, showing that the cytoplasmic, but not the nuclear isoform 

of ADK is implicated in sleep regulation (Palchykova, et al. 2010). 

The upregulation of ADK in activated astrocytes was also observed in the temporal cortex 

and persisted in both hippocampus and cortex into the chronic epileptic phase in rats with 

a progressive form of epilepsy. ADK expression in rats with a non-progressive form of epi-

lepsy was very similar to control expression. These observations support the implication of 

glial ADK expression not only in the development, but also in the progression of epilepsy. 

In addition, ADK expression in reactive astrocytes has been confirmed in human MTS speci-

mens of patients undergoing surgery for pharmacologically refractory TLE. Increased ADK 

in human astrocytes may explain the relatively lower adenosine baseline levels detected in 

microdialysis samples of epileptic patients compared to control human hippocampus (Dur-

ing & Spencer 1992). 

ADK was predominantly expressed in astrocytes, however neuronal expression was occa-

sionally observed in both rat and human epileptic tissue. Interestingly, ADK is known to 

be developmentally regulated and ADK expression in neurons has been observed at early 

postnatal stages in both cerebral cortex and hippocampus (Studer, et al. 2006). Whether 

this expression may reflect a return to an earlier developmental state, as part of the process 

of epileptogenesis, and may contribute to a reduction of neuronal adenosine release, sup-

porting a prolonged excitatory activity, requires further investigation. However, DCX positive 

neuronal progenitor cells, within the dentate gyrus of adult epileptic hippocampus did not 

express ADK. This observation is in agreement with the previously reported absence of ADK 

in neuronal progenitor cells in adult mouse hippocampus (Studer, et al. 2006).

 We also show that inflammatory molecules, such as LPS and IL-1b may induce increased 

expression of ADK in human cultured astroglial cells. Inflammatory responses are known to 

be activated during epileptogenesis and IL-1b is up-regulated in epileptogenic tissue from 

TLE patients (Ravizza, et al. 2008b, Vezzani, et al. 2008). Thus, this cytokine could play a role 

in the regulation of ADK levels in astrocytes providing an additional layer of modulatory 

crosstalk between the astrocyte-based adenosine cycle and inflammation, that deserves 

further investigation.

In conclusion, the critical role of astroglial ADK in epileptic tissue is supported by these find-

ings, providing additional evidence of ADK regulation in astrocytes during epileptogenesis, 

as well as during chronic epilepsy in both rat and human TLE. Our findings suggest that 

overexpression  of ADK is a common pathological hallmark of medically intractable chronic 

epilepsy 
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Supplementary	information

Total or mean (Range or percentage)

Male/female HS (n = 6) Non-HS (n = 5) Control (n = 6)

Mean age at surgery 
(yrs) 31.5  (19-50) 34.3  (21-45) 44.5  (26 – 54)

Seizure type
CPS(100%); 
SGS (17%)

CPS (100%); 
SGS (20%)

NA

Seizure frequency 
(CPS/months)

10.6 (3-50) 10.2 (3-30) NA

Duration of epilepsy 
(yrs)

11.8 (9 – 20) 13.6 (9 – 21) NA

HS, hippocampal sclerosis; CPS, complex partial seizures; SGS, secondary generalized seizures; HS, hip-
pocampal sclerosis; non-HS: non-sclerotic hippocampus; NA: not applicable.

Supplementary	Table	I.	Summary of clinical findings of epilepsy patients and controls.

Supplementary	 Figure	1. Evaluation of ADK astroglial immunoreactivity in hippocampal regions of 
control rat and after induction of status epilepticus (SE).Quantification bar graphs of ADK-positive cells 
in CA1 (A), CA3 (B) and dentate gyrus (hilar region; C) if control hippocampus and hippocampus at 24 
h, 1 week and 3 months post-SE (rats with long term epilepsy, progressive, pLT). Nuclear and extranu-
clear staining: *p< 0.05 vs control, one-way ANOVA followed by Tukey’s test.
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