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The immunological response in the brain is crucial to overcome neuropathological events. Some inflammatory mediators, such as the

immunoregulatory cytokine interleukin-6 (IL-6) affect neuromodulation and may also play protective roles against various noxious

conditions. However, the fundamental mechanisms underlying the long-term effects of IL-6 in the brain remain unclear. We now report

that IL-6 increases the expression and function of the neuronal adenosine A1 receptor, with relevant consequences to synaptic

transmission and neuroprotection. IL-6-induced amplification of A1 receptor function enhances the responses to readily released

adenosine during hypoxia, enables neuronal rescue from glutamate-induced death, and protects animals from chemically induced

convulsing seizures. Taken together, these results suggest that IL-6 minimizes the consequences of excitotoxic episodes on brain function

through the enhancement of endogenous adenosinergic signaling.
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INTRODUCTION

In the past years important functions were ascribed to
cytokines within the central nervous system. Despite the
constitutive expression of these mediators in the brain is
usually low, their secretion increases dramatically in
response to specific stimuli, such as infection or injury.
Due to numerous reports showing the augmented expres-
sion of the immunoregulatory cytokine interleukin-6 (IL-6)
in a variety of neurodegenerative diseases, this molecule is
now recognized as a key player in brain pathology (Gadient
and Otten, 1997, Gruol and Nelson, 1997). However, the role
of IL-6 in that phenomenon has been regarded as a double-
edged sword, since both neuroprotective and detrimental
properties were associated to its expression. On one hand it
has been shown that IL-6 protects cultured neurons
(Carlson et al, 1999; Ali et al, 2000; Pizzi et al, 2004) and
is beneficial in several models of neurodegenerative diseases

(Bensadoun et al, 2001; Bolin et al, 2002; Penkowa et al,
2001; Loddick et al, 1998; Ali et al, 2000, Swartz et al, 2001;
Herrmann et al, 2003); on the other hand, chronic treatment
of cultured neurons with IL-6 or chronic expression of IL-6
in astrocytes might result in neuronal death and neurode-
generation (Qiu et al, 1998; Nelson et al, 2004; Conroy et al,
2004; Campbell et al, 1993).

Despite the large body of data on the effects of IL-6 in
brain, the molecular events that lead either to IL-6-
dependent protection or death of neurons remain unclear.
We have previously shown that IL-6 induces the upregula-
tion of mRNA transcripts for the adenosine A1 receptor in
the brain (Biber et al, 2001). Functional adenosine A1

receptors fulfill important neuroprotective properties dur-
ing excitotoxic conditions, causing the inhibition of
glutamate release from the presynaptic terminal (Barrie
and Nicholls, 1993), the downregulation of postsynaptic
NMDA receptor-mediated currents (de Mendonça et al,
1995; Sebastião et al, 2001) and the stabilization of the
postsynaptic cell membrane (Trussell and Jackson, 1985;
Gerber and Gahwiler, 1994). Despite the fact that adenosine
A1 receptor has been recurrently discussed as a potential
target for the treatment of neurodegenerative diseases
(Ribeiro, 2005), adenosine A1 receptor agonists are not
used with therapeutic purposes, mostly due to prominent
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peripheral side effects, short half-lives, and/or receptor
desensitization (Yan et al, 2003; Stone, 2002; Dalpiaz and
Manfredini, 2002). Interestingly, it has been suggested that
the enhancement of adenosine A1 receptor expression might
efficiently induce adenosine A1 receptor-mediated neuro-
protection (Rudolphi and Schubert, 1996).

Thus, we now investigated if IL-6 influences the expres-
sion and function of neuronal adenosine A1 receptors in
vitro and in vivo. Looking at three different pathological
conditions in which adenosine has proven to be implicated
as a protective agentFhypoxia, glutamate-induced cell
death, and seizuresFwe evaluated if the beneficial proper-
ties attributed to IL-6 could be due, at least in part, to the
amplification of adenosine A1 receptor-mediated actions.

The results reported here underscore the crucial role
played by IL-6 in the regulation of neuronal adenosine A1

receptors and demonstrate that such mechanism is involved
in the enhancement of A1 receptor-mediated signaling in
the brain under excitotoxic situations, with a beneficial
impact on neuronal survival.

MATERIALS AND METHODS

Chemicals

Amphotericin B, pentylenetetrazole (PTZ), poly-L-lysine,
RNAse-free DNAse and adenosine deaminase, (±)-a-amino-
3-hydroxy-5-methylisoxazole-4-propionic acid hydrate
(AMPA) were obtained from Sigma-Aldrich (Zwijndrecht,
The Netherlands and Sintra, Portugal). Neurobasal medium,
B27 supplement and gentamycin were from Gibco (Breda,
The Netherlands). Recombinant IL-6 with a specific activity
of 45� 107 U/mg was purchased from R&D systems
(London, UK) or PeproTech EC Ltd (London, UK). In most
experiments 10 U/ml IL-6 have been used which is comparable
to o200 pg/ml. 1,3-Dipropyl-8-cyclopentylxanthine (DPCPX),
N6-cyclopentyladenosine (CPA), 6-cyano-2,3-dihydroxy-7-
nitro-quinoxaline (CNQX), DL-2-amino-5-phosphonovaleric
acid (APV), bicuculline methochloride and cyclo-
heximide (CHX), and tetrodotoxin citrate (TTX) were from
Tocris Cookson Ltd (Bristol, UK). N6-cyclohexyladenosine
([3H]-CHA was purchased from Moravek Biochemicals (Brea,
CA, USA). iQ SYBR Green supermix at Bio-Rad (Veenendaal,
The Netherlands). Rabbit polyclonal antibodies for the
adenosine A1 receptor were from Abcam (Cambridge, UK)
or Affinity Bioreagents (Golden, CO, USA); monoclonal and
polyclonal antibodies for b-actin were purchased from MP
Biomedicals (Amsterdam, The Netherlands) and Abcam,
respectively.

Animals

All experiments were performed with 3-month-old (except
for neuronal cultures, see below) male mice (C57Bl6 and
IL-6-deficient mice on C57Bl6 background; Jackson
Laboratory, Bar Harbor, USA). The animals were handled
according to European Community guidelines and in
accordance with the regulations of the committee for use
of experimental animals of the universities of Groningen
and Lisbon. The animals were housed in groups of
maximum five per cage in a room with controlled light/
dark (12/12 h) cycle and temperature (211C). Food and

water were supplied ad libidum. Mice were anesthetized
with halothane before decapitation.

Electrophysiological Recordings in Hippocampal Slice
Preparations

Slice preparation was carried out as previously described
(Diógenes et al, 2004). Field excitatory postsynaptic
potentials (fEPSPs) and whole-cell postsynaptic currents
were recorded from the CA1 area of hippocampal slices
(300–400 mm) upon stimulation of the Schaffer collateral
fibers (rectangular pulses of 0.1–0.2 ms duration delivered
each 15 s). Drugs were applied to the perfusion solution
(3 ml/min), which contained NaCl 125 mM, KCl 3 mM,
NaH2PO4 1.25 mM, NaHCO3 25 mM, CaCl2 2 mM, MgSO4

1 mM, and glucose 10 mM. Bath temperature was 321C
throughout fEPSPs recording experiments. To elicit paired-
pulse facilitation (PPF; see eg Citri and Malenka, 2007), the
Schaffer collaterals were stimulated twice with 50 ms
interpulse interval. Synaptic facilitation was quantified as
the ratio between the slopes of the fEPSP elicited by the
second and the first stimuli. While evaluating the influence
of a drug (CPA) on PPF, the difference in PPF values
obtained in the presence and in the absence of that drug in
the same slice (DPPF) was calculated. Hypoxia was induced
substituting the artificial cerebrospinal fluid (aCSF) by an
identical aCSF preequilibrated with 95% N2/5% CO2 for
3 min. This manipulation reduces bath oxygen tension in
the recording chamber from E600 to E250 mm Hg
(Sebastião et al, 2000). Each slice was subjected to a single
period of hypoxia, since the effects of hypoxia may be
modified by subsequent episodes in the same slice (Schurr
et al, 1986). To minimize individual variation between
slices, the effects of hypoxia were compared in control and
in test slices with less than 1 h of interval.

Patch clamp experiments were performed at room
temperature (22–251C) in CA1 pyramidal cells identified
under infrared visualization and electrophysiologically
characterized (Staff et al, 2000). Patch electrodes (5–7 MO)
were filled with 125 mM potassium gluconate, 11 mM KCl,
0.1 mM CaCl2, 2 mM MgCl2, 1 mM EGTA, 10 mM HEPES,
2 mM NaATP, 0.3 mM NaGTP, and 10 mM TRIS phospho-
creatine; pH 7.3 adjusted with KOH, 280–290 mOsm. Every
cell was recorded from a separate slice. Resting membrane
potentials were between �60 and �70 mV. Junction
potentials were not corrected. Whole-cell postsynaptic
currents were recorded in voltage-clamp mode
(Vh ¼�70 mV). Averages of four consecutive excitatory
postsynaptic potentials (EPSCs) or inhibitory postsynaptic
currents (IPSCs) were continuously acquired. IPSCs were
obtained in the presence of CNQX (20 mM) and APV
(10 mM) and were completely blocked after superfusion of
bicuculline (20 mM). AMPA receptor-mediated postsynaptic
currents were evoked by pressure ejection of AMPA (20 mM)
to the dendrites in the presence of TTX (1 mM). Data were
digitally acquired in voltage-clamp mode using an EPC-7
amplifier (List Biologic, Campbell, CA), Digidata 1322A A-D
converter and LTP program or Win LTP (Anderson and
Collingridge, 2001, 2007). A small voltage step (5 mV,
50 ms) was delivered before evoking each postsynaptic
current to monitor membrane and series resistances; if one
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of both or holding current changed significantly, the
experiment was rejected.

Preparation of Hippocampal Synaptosomes

Hippocampal slices kept in the absence or in the presence of
exogenously added IL-6 for 6 h were collected into a sucrose
solution (320 mM sucrose, 1 mM EDTA, 5 mM HEPES, and
1 mg/ml BSA, pH 7.4) and homogenized by four up-and-
down strokes. The homogenate was then centrifuged at
3000g for 10 min (at 41C), the supernatant was collected and
centrifuged again at 14 000g for 12 min (at 41C) to prepare
the synaptosomal P2 fraction, as described previously
(Pinto-Duarte et al, 2005).

Primary Neuronal Cultures

Cortical neurons were prepared from embryonic mouse
brains (E15–16) as described before (de Jong et al, 2005).
Neurons were used after 6 days in culture. Cells were
incubated for 6 or 24 h with 10 U/ml IL-6 and then either
stimulated for 1 h with glutamate at various concentrations
or incubated for 15 min with CPA (1–100 nM) or 100 nM
DPCPX followed by glutamate challenge for 1 h. The effect
of test drugs (IL-6, CPA, or DPCPX) on glutamate-induced
neurotoxicity was always evaluated comparing the effect of
glutamate in the absence and presence of the test drug in the
same batch of neurons.

Determination of Neuronal Viability

Neuronal viability was determined by the colorimetric MTT
(3-(4,5-dimethylthiazol-2-yl-)2,5-diphenyltetrazolium bro-
mide) assay as described previously (Marchetti et al, 2004).

Seizure Induction by Pentylenetetrazole Treatment

Male wild-type (WT) C57Bl6 and IL-6 knockout mice
weighing 23–29 g were used. Mice received once daily, for 2
consecutive days, one intraperitoneal injection with 55 mg/
kg PTZ dissolved in 0.9% saline. Control animals received
saline only. Latency of seizure onset was timed and animals
were subsequently observed for 1 h. Animals were assigned
a seizure score according to the following criteria (Kond-
ziella et al, 2002): 0¼ normal behavior, 1¼myoclonic jerks,
2¼minimal seizures without Straub-tail, 3¼minimal
seizures with Straub-tail, 4¼ generalized tonic-clonic sei-
zures, 5¼ like 4 with loss of consciousness and postictal
phase, 6¼ like 5 with rotation on their axis, and 7¼ like 6
and death. All PTZ-treated animals showed at least score 2
(minimal seizures) within 5 min. Mice were killed 26 h after
the second injection.

Brain Tissue Preparation from PTZ-Injected Mice

Brains were removed, the two hemispheres were separated,
and subsequently frozen and stored at �801C until use.
Both groups that received PTZ injections (WT and IL-6
knockout) were further divided according to the severity of
the seizures. The ‘PTZ-high’ groups consisted of animals
that showed tonic-clonic seizures (score 4) after at least one
of the two PTZ injections. All other animals that received
PTZ injections were assigned to the ‘PTZ-low’ groups. WT
and IL-6 knockout control groups contained 15 animals,
while the four PTZ-treated groups (PTZ-high and PTZ-low)
consisted of 6–8 animals per group.

The right hemispheres were prepared for RNA analysis
(see below) and radioligand binding studies (Lohse et al,
1984), while the left hemispheres were used for autoradio-
graphy.

RNA Isolation and Reverse Transcription–Polymerase
Chain Reaction

Tissue was lysed in guanidinium isothiocyanate/mercapto-
ethanol buffer and total RNA was extracted with one
phenol/chloroform step (Chomczynski and Sacchi, 1987)
and transcribed into cDNA as described (Biber et al, 2001).

Real-Time Polymerase Chain Reaction

Adenosine A1 receptor mRNA expression in the brains of
WT and IL-6 knockout mice was analyzed by real-time PCR
using the iCycler (Bio-Rad) and the iQ SYBR Green
supermix. Mouse ribosomal protein L32–3A (rpL32A)
primers and hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT1) primers were used for normalization to
housekeeping genes. These genes did not show variations in
response to the experimental treatment (see Table 1 for
primer sequences). The comparative Ct method (amount of
target amplicon X in sample S, normalized to a reference
R and related to a control sample C, calculated by
2-((CtX,S�CtR,S)�(CtX,C�CtR,C)) was used to determine
the relative expression levels (Livak and Schmittgen, 2001).

Western Blotting

Primary cortical neurons (2� 106 cells per well) were
washed twice with ice-cold phosphate-buffered saline,
subsequently lysed by the addition of 0.15 ml of lysis buffer
(20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton, 2.5 mM sodium pyrophosphate, and 1 mM sodium
orthovanadate and protease inhibitors). The homogenates
were centrifuged for 10 min at 12 000 r.p.m. and the
supernatants were collected. P2 synaptosomal fraction was

Table 1 Sequence of the Primers Used for Real-Time PCR

Gene Accession number Forward primer (50-30) Backward primer (50-30)

rpL32A X06483 GCTGGAGGTGCTGCTGATGT ACTCTGATGGCCAGCTGTGC

HPRT1 X62085 GACTTGCTCGAGATGTCA TGTAATCCAGCAGGTCAG

Ado A1R AJ555877 CCTCTCCGGTACAAGACAGT GGTGTCAGGCCTACCACAAG
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lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 0.1% SDS, 1 mM sodium orthovanadate
and protease and phosphatase inhibitors, adjusted to
pH¼ 8). Samples were boiled for 5 min in Laemmli’s buffer
(2% SDS, 5% DTT). A total of 20 ı́g protein in each sample
was separated by 10–12% SDS-PAGE and transferred to
Immobilon P polyvinylidene difluoride membranes (Milli-
pore Corporation). After blocking for 1 h in TBS with 0.1%
Tween 20 with 5% low-fat milk, membranes were incubated
overnight at 41C with a rabbit anti-adenosine A1R antibody
(1 : 1000, Affinity Bioreagents or 1 : 1000, Abcam) and then
with a secondary antibody conjugated with horseradish
peroxidase or with an alkaline phosphatase labeled second-
ary antibody for 1 h at room temperature. Afterwards it was
processed for protein detection using Super SignalTM
substrate (Pierce) or using the ECL detection system
(Tropix) according to the manufacturer’s instructions. b-
Actin (1 : 10 000, Abcam or 1 : 10 000, MP Biomedicals) was
used as a loading control. We recently cloned and expressed
mouse adenosine A1 receptor in CHO cells (Wittendorp
et al, 2004). Accordingly, CHO cells expressing mouse
adenosine A1 receptor have been used as a positive control
in western blotting experiments showing that the used
antibody recognized a band of 37 kDa only in cells that
stably expressed mouse adenosine A1 receptors (data not
shown).

Radioligand Binding Assay

For the determination of the maximum bound radioligand,
membranes were incubated for 1 h at 251C in 50 mM Tris/
HCl (pH 7.4 at 251C) in the presence of 4 nM [3H]-DPCPX
(Ki ¼ 1.4 nM); at this concentration one can assume that all
adenosine A1 receptors present in the preparation will be
occupied, making the amount of [3H]-DPCPX binding
informative on the number of adenosine A1 receptors. Each
experiment was performed in triplicate. Nonspecific bind-
ing was determined in the presence of 100 mM CPA.
Incubations were stopped with 1 ml ice-cold buffer and
bound radioligand was subsequently recovered by filtration
through Whatman GF/B filters. Filters were washed three
times and retained radioactivity was measured by liquid
scintillation counting (LKB Wallac, 1219 Rackbeta).

Autoradiography

Sections were preincubated in Tris-HCl buffer, 170 mM, pH
7.4 containing 0.5 U/ml adenosine deaminase for 3� 10 min
at room temperature, washed out, and dried in a stream of
cold air. For the labeling of adenosine A1 receptors, sections
were incubated with 3.0 nM [3H]N6-cyclohexyladenosine
([3H]-CHA, specific activity 20 Ci/mmol) in 170 mM Tris-
HCl buffer including 0.5 IU/ml adenosine deaminase at
room temperature for 90 min. To determine nonspecific
binding, sections were incubated in the presence of 3mM
CPA. Following incubation, unbound radioactivity was
removed by rinsing the sections three times for 2 min in
ice-cold Tris-HCl buffer, 50 mM (pH 7.4), and rinsing once
for 5 s in ice-cold distilled water to remove buffer salts. The
sections were then dried in a stream of cold air. Dried
sections were exposed to Numico hyperfilm, stored in an
X-ray film cassette for 4 month at �801C and subsequently

developed. Quantification analysis of the resulting auto-
radiographic images was performed using an automatic
image analysis system (Quantimet 500, Leica, Cambridge).
Optical density was measured in hippocampus and cortex in
six sections per mouse. The values of the sections were
averaged for each mouse. Optical density measurements
from each brain area were converted into nCi per mg tissue,
according to the calibration curve obtained from the tritium
standards. Results are given as mean±SEM (n¼ 6).

Data Analysis

Data are presented as mean±SEM from n experiments.
When comparing two groups of results, statistical signifi-
cance was assessed using Student’s t-test. When doing
multiple comparisons, statistical significance was assessed
by one-way ANOVA followed by the Bonferroni correction.
Values of Po0.05 were considered statistically significant.

RESULTS

Influence of IL-6 on Adenosine A1 Receptor-Mediated
Actions on Synaptic Transmission

IL-6 enhances the expression and the inhibitory actions of
presynaptic adenosine A1 receptors on glutamatergic
transmission. Adenosine A1 receptor activation is well
known to decrease synaptic transmission in the hippocam-
pus (Sebastião et al, 1990). Therefore, electrophysiological
experiments were carried out to investigate if a sustained
elevation of IL-6 levels in the hippocampus modified the
neuromodulatory actions of adenosine A1 receptors. In the
first series of experiments we performed cumulative
concentration–response curves for the inhibitory effects of
the A1 selective agonist, CPA (1.5–50 nM), on the slope of
fEPSPs recorded from control slices and slices exposed to
IL-6 (10 U/ml) for 5–8 h. As Figure 1a shows, treatment with
IL-6 induced a shift to the left of the concentration–
response curves of CPA, without changing its maximal
effect. The EC50 of CPA-induced inhibition was 5 nM (95%
confidence interval 4.8–5.2 nM, n¼ 3) in the presence of
IL-6, significantly different (po0.05) from the control EC50,
which was 7.8 nM (95% confidence interval 7.7–7.9 nM,
n¼ 5) (Figure 1a and b).

Also when CPA was tested at a single concentration of
5 nM, the inhibition of fEPSPs was significantly more
pronounced (po0.05) (32.2±3.6%, n¼ 5) in slices exposed
to IL-6 (10 U/ml for 5–8 h), as compared to slices kept in the
absence of other pharmacological drugs (18.2±1.8%,
n¼ 6). To rule out nonspecific effects of IL-6, in a different
pool of experiments we compared the effect of 5 nM CPA in
control slices and in slices treated with heat-inactivated IL-6
for 5–8 h (HI-IL-6 consisted of 10 U/mI IL-6 boiled for
30 min). As expected, the inhibition caused by CPA was not
significantly different (p40.05) in both conditions (control:
23.5±2.5%; HI-IL-6: 23.8±1.4%; n¼ 2).

Previous studies have shown that adenosine A1 receptor
activation enhances PPF, presumably by inhibiting the
release of neurotransmitters induced by the first stimulus
and consequently increasing the amount of neurotransmit-
ters to be released by the second stimulus. Thus, we
performed PPF experiments to investigate if IL-6-induced
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potentiation of A1 receptor neuromodulatory actions
occurred at presynaptic sites. In the absence of CPA, PPF
corresponded to a ratio of 1.6±0.08 in control conditions
and 1.7±0.1 in IL-6-treated slices (n¼ 3 each). As expected,

CPA (5 nM) increased PPF in both conditions; remarkably,
as shown in Figure 1c, CPA-induced enhancement of PPF
(DPPF, calculated as PPFCPA–PPFpre-CPA in the same slice)
was always significantly greater (po0.05, n¼ 3 matched
experiments) in IL-6-treated slices (0.19±0.01) than in
control slices (0.08±0.01), supporting a presynaptic locus
for IL-6-induced enhancement of adenosine A1 receptor-
mediated effects on synaptic transmission.

To investigate if IL-6-induced enhancement of adenosine
A1 receptor-mediated inhibition of synaptic transmission
occurred at the single-neuron level, we performed whole-
cell voltage-clamp recordings from CA1 pyramidal cells
upon stimulation of the Schaffer collateral afferents. To
avoid preconditioned responses of A1 receptors, the effect of
CPA (5 nM) was investigated in only one neuron per slice,
control (absence of exogenous IL-6) and test (incubation
with 10 U/ml IL-6 during 5–8 h) slices being from the same
hippocampus. As illustrated in Figure 2 (panels A and B),
CPA (5 nM) inhibited EPSCs by 27.5±1.11% (n¼ 5) in
control conditions. IL-6 significantly (po0.05) exacerbated
CPA-induced depression of the EPSCs to 52.7±5.36%
(n¼ 3; Figure 2a and b). Similar effects were found with
100 U/ml IL-6 (Figure 2b). The incubation with or without
IL-6 for up to 8 h did not change tissue integrity, the
morphology of the cells nor the effects of CPA on EPSPs
(data not shown). We also looked for a putative role of
postsynaptic A1 receptors on the modulation of synaptic
transmission. Since in our conditions (high Mg2 + and
Vh¼�70 mV) synaptic transmission was mostly mediated
by the activation of postsynaptic AMPA receptors, we tested
the action of CPA on pharmacologically isolated post-
synaptic AMPA receptor-mediated currents. The amplitude
of postsynaptic AMPA-induced currents was not affected by
CPA (5 nM) in control conditions (106.0±7.4% of control,
n¼ 3). When the concentration of CPA was increased to
100 nM, AMPA-evoked currents were still not significantly
modified (p40.05), which solely confirmed the limited
contribution of postsynaptic adenosine A1 receptors to the
modulation of synaptic transmission (Arrigoni et al, 2005);
it did not preclude, however, that the upregulation of
postsynaptic or somatic A1 receptors might assume
functional relevance in other experimental paradigms, a
possibility which we explored and were able to demonstrate
further below using a different in vitro model (see data on
neuronal cultures).

The next group of experiments aimed to examine the
participation of de novo protein synthesis in IL-6-induced
enhancement of A1 receptor function on hippocampal
synaptic transmission. As shown in Figure 2b, treatment
of hippocampal slices with the protein synthesis inhibitor
CHX during the incubation period with IL-6, completely
abolished the potentiation of the inhibitory effect of CPA
(5 nM) on electrically evoked EPSCs. CHX per se did not
significantly modify 5 nM CPA-induced inhibition of EPSCs
(31.7±1.6%, n¼ 3, p40.05 as compared to a control
inhibition of 27.5±1.1%, n¼ 5). To investigate whether
the involvement of newly synthesized proteins was cor-
related with the upregulation of presynaptic adenosine A1

receptors, we performed western blot experiments in
synaptic terminals prepared from control hippocampal
slices and IL-6-treated slices. As shown in Figure 2c, IL-6
induced a significant (po0.05) upregulation of A1 receptors
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Figure 1 Interleukin-6 (IL-6) potentiates the neuromodulatory actions of
presynaptic adenosine A1 receptors on hippocampal synaptic transmission.
(a) Cumulative concentration–response curves for the effects of the A1

receptor agonist, N6-cyclopentyladenosine (CPA, 1.5–50 nM), on the
slopes of field excitatory postsynaptic potentials (fEPSPs) recorded from
the CA1 area of hippocampal slices. In the ordinates, 0% corresponds to
fEPSPs slopes before the addition of CPA (1.30±0.14mV/ms, n¼ 5, in
control slices, K, and 1.36±0.17mV/ms, n¼ 3, in slices exposed to IL-6
for 5–8 h, J), and 100% represents a complete inhibition of fEPSPs. (b)
Superimposed traces obtained before (pre-CPA) and after the application
of CPA in a control slice (left) and in a slice previously exposed to IL-6 for
5 h (right). Each trace is the average of eight consecutive responses and is
composed of the stimulus artifact, presynaptic volley, and fEPSP; the scale
applies to panels (a) + (b). (c) Variation (D) of paired-pulse facilitation (PPF)
in the absence and presence of CPA in three matched experiments
performed in control slices (K) and in slices from the same hippocampi
exposed to IL-6 for 5–8 h (J). Individual DPPF values in the threes
experiments were 0.07 (control) and 0.17 (IL-6); 0.09 (control) and 0.19
(IL-6); and 0.08 (control) and 0.20 (IL-6).
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in this preparation. Taken together, these data suggest that
newly synthesized presynaptic A1 receptors are involved in
the enhancement of A1 receptor-mediated effects on
synaptic transmission.

While recording EPSCs, GABAergic transmission was not
blocked to avoid exacerbated excitability of the slices. The
next series of experiments was therefore performed to
exclude putative actions of IL-6-induced upregulation of A1

receptors on GABAergic transmission. In these trials
compound synaptic currents were initially recorded and,
after stabilization, the antagonists of AMPA/kainate recep-
tors, CNQX (20 mM), and NMDA receptors, APV (10 mM),
were superfused to isolate the IPSCs. The GABAergic nature
of these currents was confirmed at the end of each
experiment using the GABAA receptor antagonist bicucul-
line (20 mM), which totally blocked the remaining current.
In both control and IL-6-stimulated slices, the GABAergic
current represented nearly 10% of the compound current,
as assessed by the degree of inhibition by ionotropic
glutamate receptor antagonists. Activation of adenosine A1

receptors with CPA (5 nM) did not affect IPSCs (99.7±5.9%
of currents amplitude before CPA, n¼ 3) recorded from
control slices, which is in accordance with previous data
showing the inability of A1 receptors to modulate GABA-
ergic transmission in mature hippocampus (Lambert and
Teyler, 1991; Yoon and Rothman, 1991). In slices incubated
with IL-6 (10 U/ml) for 45–8 h, CPA (5 nM) also did not
induce significant modifications on IPSCs amplitudes
(95.6±9.9% of currents amplitude before CPA, n¼ 3,
p40.05), indicating that IL-6 was unable to unmask
a putative A1 receptor-mediated action upon GABAergic
transmission in the hippocampus.

IL-6 enhances adenosine A1 receptor-mediated depression
of synaptic transmission during hypoxia. We next
investigated the pathophysiological relevance of IL-6-in-
duced enhancement of adenosine A1 receptor function on
synaptic transmission. The inhibition of synaptic transmis-
sion in the hippocampus is crucial to protect neurons from
excitotoxicity induced by neuropathological events, such as
hypoxia. Under such conditions, considerable amounts of
adenosine are released and operate A1 receptors to restrain
synaptic glutamate release (Sebastião et al, 2001). Thus, we
tested the effect of brief (3 min) hypoxic episodes in fEPSPs
recorded from control and IL-6-treated slices. This manip-
ulation caused little or no appreciable depression of synaptic
transmission under control conditions (Figure 3a). However,
the same hypoxic insult applied to hippocampal slices
previously exposed to IL-6 (10 U/ml) for 6–8 h, induced a
significant (po0.05) depression of fEPSPs (Figure 3a). This
depression was markedly attenuated when DPCPX (100 nM)
was present during the incubation period with IL-6 and
throughout the experiment (n¼ 2). Yet, the presence of
DPCPX during such prolonged period significantly boosted
neuronal excitability, increased population spike contam-
ination, and caused abnormal modifications of the recorded
fEPSPs, which led us to perform a different pool of
experiments in which DPCPX (100 nM) was applied about
30 min before the hypoxic insult. In these conditions, the
depression of fEPSPs recorded from IL-6-treated slices was
fully prevented (Figure 3b) and, therefore, can be attributed
to the activation of A1 receptors by adenosine. In one
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Figure 2 Interleukin-6 (IL-6)-induced enhancement of adenosine A1

receptor function on synaptic transmission requires de novo protein
synthesis and is matched by the expression of newly synthesized A1

receptors. (a) Representative excitatory postsynaptic potentials (EPSCs)
recorded from pyramidal cells before and during superfusion of N6-
cyclopentyladenosine (CPA, 5 nM) in control (CTR) and IL-6 (10U/ml)-
treated hippocampal slices (6 h), in the absence or in the presence of the
protein synthesis cycloheximide (CHX), as indicated; superimposed
recordings were from the same slice. Stimulus artifacts are truncated. (b)
Histogram summary percentage decrease in EPSC amplitudes caused by
CPA; the slices had been incubated in the absence (control, n¼ 5) or in the
presence of the drugs indicated below each bar (n¼ 3 in all cases except
for 100U/ml IL-6 where n¼ 2); time of incubation with IL-6 and/or CHX:
6–8 h. *po0.05 vs control, **po0.05 vs IL-6 (10U/ml), one-way ANOVA
followed by the Bonferroni correction. Zero percent in the ordinates
represents the EPSCs recorded before applying CPA and were
251±40 pA in the absence of any drug, 243±46 pA in slices incubated
with IL-6, 241±59 pA in slices incubated with CHX, and 240±35 pA in
slices incubated with CHX plus IL-6; 100% represents a complete inhibition
of currents. (c) Western blot analysis of adenosine A1 receptor expression
in nerve terminals prepared from slices hippocampal slices kept for 6–8 h in
the absence or in the presence of IL-6 (10–100U/ml). Pooled data from
four individual experiments and a demonstrative experiment are shown.
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experiment, we induced a longer hypoxic period (4 min),
sufficient to cause a mild depression of synaptic transmis-
sion even in control conditions (33.3%) and the response to
hypoxia was still more pronounced (67.5%) in a slice taken
from the same hippocampus previously exposed to IL-6
(10 U/ml) for 6 h.

Since prolonged hypoxic periods cause an inhibition of
synaptic transmission that results from both adenosine A1

receptor-dependent and -independent mechanisms (Lucchi
et al, 1996), we further investigated if the later were also
influenced by IL-6. As shown in Figure 3c, the depression of
synaptic transmission caused by 14 min of hypoxia in the
presence of a supramaximal concentration of the A1

receptor antagonist, DPCPX (200 nM), was not modified
(p40.05) by preincubation with IL-6.

Influence of IL-6 on Adenosine A1 Receptor Actions
Upon Excitoxicity

IL-6 increases the function and neuroprotective properties
of postsynaptic adenosine A1 receptors against glutamate-
induced neurotoxicity. It is well known that the excessive
activation of postsynaptic glutamate receptors by high
concentrations of glutamate induces neuronal death in
cultured cells. Interestingly, IL-6 was reported to minimize
the consequences of high-glutamate levels by promoting
neuronal rescue (Ali et al, 2000). To investigate a possible
postsynaptic locus of IL-6-induced upregulation of A1

receptors, we tested whether those neuroprotective actions
of IL-6 could be related to the amplification of A1 receptors
function. To minimize the number of killed animals, we
cultured cortical neurons, which also abundantly express A1

receptors. The rapid induction of neuronal adenosine A1

receptor mRNA and protein by IL-6 (1–24 h) was also
observed in these neurons through reverse transcription
(RT)–PCR experiments (Figure 4a) and quantitative analy-
sis of four independent western blot experiments, respec-
tively (Figure 4a).

In our conditions, glutamate-dependent neurotoxicity
was completely abolished by MK801 treatment and there-
fore due to NMDA receptor stimulation (data not shown).
We first compared the effect of various concentrations of
glutamate (10 mM up to 300 mM) on the survival of cultured
neurons kept in the absence or in the presence of IL-6. We
found that treatment with IL-6 (10 U/ml) significantly
increased neuronal rescue in comparison to control at all
concentrations confirming earlier findings (Ali et al, 2000)
whereas heat-inactivated IL-6 did not have any effect on
neuronal survival (data not shown). In subsequent experi-
ments adenosine A1 receptor activity was blocked by a
15 min preincubation with DPCPX (100 nM). The blockade
of adenosine A1 receptor activity had no influence on
glutamate-induced neuronal death but completely abolished
the protective effect of IL-6 treatment as exemplified for 50,
25, and 10 mM glutamate (Figure 4b). On the other hand a
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Figure 3 Interleukin-6 (IL-6) enhances A1 receptor-mediated inhibition
of synaptic transmission induced by hypoxia. (a) Time course of the effects
of the effect of 3min hypoxia (N2, applied as indicated by the horizontal
bar) on field excitatory postsynaptic potentials (fEPSP) slope recorded from
control slices (absence of IL-6, n¼ 3, K) or from slices taken from the
same hippocampi but that had been preincubated with IL-6 (10U/ml) for
6–8 h (n¼ 3,J). The inset shows sample traces of fEPSPs recorded before
hypoxia (1 and 3) and after 3min hypoxia (2 and 4) in the absence (left, 1
and 2) or in the presence of IL-6 (right, 3 and 4); superimposed recordings
in each panel were from the same slice, the left and right panel recordings
were from different slices from the same hippocampus (see Figure 1 legend
for further details). (b) Effects of a 3min hypoxic insult induced in the
presence of a selective A1 receptor antagonist, 1,3-Dipropyl-8-cyclopen-
tylxanthine (DPCPX), in control conditions (n¼ 3, ) and in slices
preincubated with IL-6 for 6–8 h (n¼ 4, K). (c) Time course of the
response to a longer period of hypoxia (14min) in the presence of
DPCPX, to block A1 receptor actions. In all panels; 100% in the ordinates
corresponds to the averaged fEPSP slope recorded for 10min before N2;
the slope values within the same panel do not differ significantly (p40.05)
between test (slices incubated with IL-6) and control conditions.
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further stimulation (15 min before glutamate treatment) of
adenosine A1 receptors by various concentrations (1, 10,
and 100 nM) of CPA significantly increased the neuronal
survival after glutamate treatment (50 mM) (Figure 4c). As
shown in Figure 4c CPA treatment (exemplified by 10 nM)
without IL-6 preincubation did not significantly protect
neurons against 50 mM glutamate (42±7% surviving
neurons for glutamate per se and 46±7, 44±8, and
49±4% surviving neurons were found after 15 min

pretreatment with 1, 10, and 100 nM CPA, respectively).
Data shown in Figure 4a–c concern a pool of experiments in
which treatment with IL-6 was performed during 24 h, but
similar results were obtained when treatment with IL-6 was
performed during 6 h (data not shown).

Influence of IL-6 on Adenosine A1 Receptors In Vivo

The next series of experiments were aimed to investigate the
role of IL-6 on the regulation of adenosine A1 receptor
expression in the brain in vivo. It is known that the
expression of A1 receptors in WT mice is increased after
neuropathological events, such as seizures (Pagonopoulou
et al, 1993; Vanore et al, 2001; Angelatou et al, 1991, 1993).
On the other hand, several reports have shown that those
noxious conditions trigger the release of IL-6 (Lehtimäki
et al, 2003; Peltola et al, 1998, 2002). Accordingly, we used
WT animals and IL-6-deficient mice to evaluate the
relationship between the expression of IL-6 and the
upregulation of adenosine A1 receptors in response to
PTZ-induced seizures.

Differences in seizure scores between WT animals and IL-
6-deficient mice. As shown in Figure 5, seizure scores after
a first PTZ injection did not differ between WT and IL-6-
deficient mice. However, whereas no change in seizure
scores were observed in WT mice after a second PTZ
injection round, IL-6-deficient mice displayed significant
higher seizures (p¼ 0.03) on the second day (Figure 5).
Moreover, none of the WT mice died after PTZ injections,
whereas two of the IL-6-deficient mice did not survive the
second application of PTZ.

Adenosine A1 receptor mRNA expression is downregu-
lated after seizures in IL-6-deficient mice. Q-PCR analysis
was carried out to investigate possible effects of seizure
activity on A1 receptor mRNA expression in IL-6-deficient
mice and WT animals. No differences were observed in
mice with lower seizure scores compared to control mice
(data not shown). Similarly, no change in A1 receptor
expression was measured in WT animals with high seizures
scores (Figure 6a). In contrast a significant (p¼ 0.03)
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Figure 4 Effects of interleukin-6 (IL-6) treatment on adenosine A1

receptor expression and on excitotoxicity in primary cortical cultures. (a)
Upregulation of adenosine A1 receptor mRNA and protein expression by
IL-6 treatment (10U/ml) in cortical neurons. The inset in the figure shows a
typical western blot experiment. (b) Pretreatment with IL-6 (10U/ml 24 h)
protected neurons from excitotoxicity induced by glutamate at various
concentrations (50 mM, 25mM, and 10mM). Treatment with 100 nM
DPCPX (15min before glutamate treatment) completely abolished the
protective effect of IL-6 treatment but did not influence the effect of
glutamate without IL-6 pretreatment. (c) Application of N6-cyclopentyla-
denosine (CPA, 15min before glutamate treatment) at several concentra-
tions (1, 10, and 100 nM) significantly increased neuronal survival after
glutamate treatment (50 mM) only when neurons had been pretreated with
IL-6. CPA (10 nM) without IL-6 did not affect glutamate-induced
neurotoxicity. Data in (a) are given as mean±SEM from four independent
western blot experiments and from three independent RT–PCR experi-
ments. Data in (b) and (c) are given as mean±SEM (n¼ 3). The graphs
represent typical experiments. Similar results have been obtained in five
independent experiments. *Significantly different (po0.05).
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downregulation of adenosine A1 receptor mRNA expression
was detected in IL-6-deficient mice with high seizure scores
compared to controls (Figure 6a).

Seizure-induced upregulation of brain adenosine A1

receptor expression depends on IL-6. Radioligand binding
experiments using [3H]-DPCPX have been performed to
investigate the expression of adenosine A1 receptors in the
brain. The mice that received PTZ injections were divided in
two groups according to the severity of the seizures in ‘PTZ-
low score’ and ‘PTZ-high score’ groups as described in
‘Materials and Methods’. No difference was obtained
between control and PTZ-low score WT animals. An
increase in [3H]-DPCPX binding was observed in WT of
the PTZ-high score group, but this difference just failed to
reach significance (p-value¼ 0.063). PTZ injections did not
influence [3H]-DPCPX binding in IL-6-deficient mice
(Figure 6b). The failure to reach significance in WT animals
most likely is due to the fact that a prominent seizure-
dependent induction of adenosine A1 receptor does not
occur in all brain regions (Pagonopoulou et al, 1993; Vanore
et al, 2001; Angelatou et al, 1993). It was therefore further
decided to investigate the seizure effects in autoradio-
graphic experiments that allowed the precise analysis of
adenosine A1 receptor expression in defined brain regions.

Adenosine A1 receptor expression in animals with high
seizure scores was further determined in hippocampus (CA1,
CA2, CA3, and dentate gyrus) and cortex (entorhinal cortex),
brain areas with high density of adenosine A1 receptors and
in which a prominent induction of receptor expression was
reported after PTZ-induced seizures (Pagonopoulou et al,
1993; Vanore et al, 2001; Angelatou et al, 1993). A significant
seizure-dependent induction of adenosine A1 receptor
expression was observed in all these brain areas that
resembled earlier findings (Pagonopoulou et al, 1993)
(Figure 7a exemplified for CA1 and cortex), whereas no

effect was observed in IL-6-deficient animals. Pooling
together the relative changes obtained in all brain areas
seizures significantly (p¼ 0.02) increased the A1 receptor
expression in WT animals by 28±8% as compared to the
basal situation. IL-6-deficient mice displayed significant
(p¼ 0.02) lower expression of adenosine A1 receptors
(85±2% without seizure) when compared to WT controls
and seizures did not change the expression of adenosine A1

receptors in these animals (80±3% with seizures).
To investigate whether the seizure score after the first

PTZ injection correlated with the upregulation of adenosine
A1 receptors we plotted day 1 seizure scores of PTZ-injected
animals against the [3H]CHA-binding results of the
autoradiography experiments of individual animals (control
and PTZ-injected animals). Statistical analysis revealed that
the Pearson’s correlation coefficient was significant in all
hippocampal areas (exemplified for CA1, p¼ 0.003)
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Figure 5 Differences in seizure scores between wild-type (WT) and IL-
6-deficient mice. There was no difference in seizure scores between WT
and IL-6-deficient mice after the first PTZ injection, both mouse strains
displayed mean seizure scores around 3. Similar seizure scores were also
detected in WT mice after the second PTZ injection round, whereas IL-6-
deficient mice displayed significant higher seizures on the second day.
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Figure 6 Effects of seizure-induction on adenosine A1 receptor mRNA
and protein expression in brain. (a) Real-time PCR analysis of adenosine A1

receptor mRNA level in brains of wild-type (WT) and interleukin-6 (IL-6)
knockout (KO) mice (normalized to rpl32A and HPRT1). Graph shows the
relative expression level of mRNA in pentylenetetrazole (PTZ)-injected
animals (‘PTZ-high score’) compared to controls. The expression level of
controls is set to 1. *Significant reduction of mRNA expression compared
to controls (po0.05), determined by t-test. (b) Specific radioligand [3H]-
1,3-dipropyl-8-cyclopentylxanthine (DPCPX) binding to adenosine A1

receptors in brain membranes of WT and IL-6 KO mice with and without
PTZ injection. The observed induction of adenosine A1 receptor
expression in WT animals just failed to reach significance (p¼ 0.063 as
determined by one-way ANOVA). Results are given as mean±SEM (n¼ 5,
for mRNA expression; n¼ 3 for radioligand binding).
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(Figure 7b) and cortex p¼ 0.0019 (data not shown),
indicating a positive correlation between seizure scores
observed on day 1 and adenosine A1 receptor expression in
WT animals.

DISCUSSION

In the present work we identified IL-6 as an important
factor for regulating the expression of functional hippo-
campal and cortical adenosine A1 receptors, thereby
providing enhanced protection against noxious conditions
both in vitro and in vivo. In our conditions, the exposure to
IL-6 significantly enhanced the ability of adenosine A1

receptors to inhibit excitatory synaptic transmission in
acute hippocampal slices, an effect that was particularly
evident during hypoxic insults. Since the efficient inhibition
of synaptic transmission by adenosine during hypoxia
facilitates the subsequent recovery to basal conditions
(Sebastião et al, 2001), it is likely that the amplification of
A1 receptor-mediated function by IL-6 minimizes the
consequences of a hypoxic period in the brain. Our data
furthermore show that IL-6-induced enhancement of A1

receptor expression has a great relevance to the survival of
endangered neurons exposed to high concentrations of
glutamate. However, the mechanisms by which IL-6
potentiates A1 receptor function on synaptic transmission
an on neuronal survival might not necessarily be connected.
While the prevention of glutamate-induced neuronal death
probably occurs at the postsynaptic or somatic level, the
enhanced inhibition of synaptic transmission is mostly a
presynaptic phenomenon. In vivo experiments furthermore
suggested a crucial role for IL-6 in regulating the expression
of adenosine A1 receptor in the brain. Using autoradio-
graphy we observed a significant increase of adenosine A1

receptor expression in the hippocampus and cortex in WT
animals after PTZ-induced seizures, as it was already
described by others (Pagonopoulou et al, 1993; Vanore
et al, 2001; Angelatou et al, 1991). A remarkable novelty in
the present work was that the PTZ-induced increased of
adenosine A1 receptor expression was completely lacking in
the brains of IL-6-deficient mice. It was previously
suggested that the upregulation of adenosine A1 receptor
expression occurring in response to seizures would protect
neurons against subsequent convulsive episodes (Vanore
et al, 2001, Gouder et al, 2003). Our data corroborates that
hypothesis, since animals that failed to increase the expression
of adenosine A1 receptors in the brain (IL-6-deficient mice)
experienced higher seizure scores after the second injection
of PTZ and, in some cases, even death. Interestingly, the lack
of adenosine A1 receptor upregulation was observed in cortex
and hippocampus of IL-6-deficient mice, indicating that with
respect to the relationship between IL-6 and adenosine A1

receptor expression, both brain regions behaved similar. This
in vivo observation is corroborated by our in vitro findings,
since IL-6 also increased neuronal adenosine A1 receptor
expression and function in hippocampal slices and in cortical
neurons.

We previously showed that IL-6 induces the expression of
adenosine A1 receptors in glia cells (Biber et al, 2001), where
even modest changes in A1 receptor expression cause
marked changes in adenosine A1 receptor-meditated

signaling (Biber et al, 1997). Now, we extended these
findings to neurons, the brain cells where the predominant
expression of adenosine A1 receptors occurs (Onodera and
Kogure, 1988; Ulas et al, 1993; Swanson et al, 1995) and
where adenosine acts to refrain excitatory transmission and
to protect from uncoordinated firing (Dragunow, 1988;
Dunwiddie and Masino, 2001). Indeed, the neuronal
adenosine A1 receptor represents a major endogenous
neuroprotective system and it has long been suggested that
the upregulation of A1 receptor expression increases its
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Figure 7 Autoradiographic analysis of adenosine A1 receptor expression
in hippocampus and cortex of wild-type (WT) and interleukin-6 (IL-6)-
deficient mice. Adenosine A1 receptor expression was determined in
hippocampus (CA1) and cortex (entorhinal cortex). (a) Note that seizures
significantly induced the A1 receptor expression compared to the basal
situation. Untreated IL-6-deficient mice (IL-6 KO) displayed lower
expression of adenosine A1 receptor when compared to WT, which was
unaffected by the induction of seizures (IL-6 KO seizures). (b) Adenosine
A1 receptor expression in WT mice is correlated to seizure scores after the
first PTZ injection. Correlation analysis of adenosine A1 receptor
expression and seizure scores were carried out by plotting the expression
data against the seizure scores compared to untreated control animals.
Each data point in the graphs represents an individual animal (seven control
animals; 3, 1, and 4 animals with seizure scores 2, 3, and 4, respectively).
Positive correlations were found between adenosine A1 receptor
expression in hippocampus (b) and seizure scores induced by the first
PTZ injection in WT animals. Data in (a) are represented as mean±SEM
per group (4–8 animals per group). *Significantly different from untreated
controls; po0.05 by one-way ANOVA. Statistical analysis revealed a
significant Pearson’s correlation coefficient of p¼ 0.003 for hippocampus
(b).
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neuroprotective capacities (for review, see Rudolphi and
Schubert, 1996; Dunwiddie and Masino, 2001). Accordingly,
upregulation of adenosine A1 receptor expression has been
observed in mice and rats after chemically induced seizures
and in post-mortem tissue of humans suffering from
epilepsy (Pagonopoulou et al, 1993; Vanore et al, 2001;
Angelatou et al, 1991). An upregulation of adenosine A1

receptors in the presence of extracellular adenosine at high
concentrations (as it occurs during seizures) seems a rather
unusual feature, since adenosine A1 receptors are normally
desensitized in the presence of high concentrations of
adenosine or after a prolonged exposure to selective
agonists (Abbracchio et al, 1992; Ruiz et al, 1996; Hettinger
et al, 1998; Latini and Pedata, 2001). The data presented
here might provide an explanation for this paradoxical
situation, since IL-6-induced synthesis of A1 receptors could
counteract or overrule A1 receptor desensitization caused
by prolonged exposure to high levels of adenosine released
during seizures.

Our data showing that IL-6-deficient mice have increased
susceptibility to PTZ-induced seizures are in accordance
with two recent studies (de Luca et al, 2004; de Sarro et al,
2004), which showed that seizures in IL-6-deficient mice
could be induced by much lower doses of several
substances. By analyzing the effects of these different
substances, the authors (de Sarro et al, 2004) concluded
that IL-6 knockout mice might have impaired GABA
inhibitory inputs and enhanced neurotransmission through
glutamate receptors. In light of the present results, this
enhancement of excitatory transmission is probably due to
a reduced expression of adenosine A1 receptors in the brain
of IL-6-deficient mice. IL-6-dependent increase in neuronal
A1 receptor function might also underlie IL-6-induced
inhibition of glutamate release and neuronal excitability in
rat cortex (D’Arcangelo et al, 2000).

Inhibition of the expression of inflammatory genes in
brain significantly aggravates the severity of PTZ-induced
seizures (Asanuma et al, 1995). It is noteworthy that such
inhibition only affected seizures after the second PTZ
injection, similarly to what we observed in IL-6-deficient
mice. Asanuma et al (1995) concluded that neuroinflamma-
tion occurring in response to the first seizures would
initiate processes that protect the brain from upcoming
seizure events. We now advanced a step in this hypothesis,
showing that inflammatory events (release of IL-6) upregu-
late the expression and function of protective adenosine A1

receptors.
A reduced inflammatory reaction in conjunction with an

increase in mortality of IL-6-deficient mice after seizure
induction was described by Penkowa et al (2001). Two of
our IL-6-deficient mice (but none of the controls) also died
as consequence of the second PTZ induction. Therefore,
although IL-6 might have modest neuroprotective effects in
vitro (present study, Ali et al, 2000; Pizzi et al, 2004) its
function in vivo can be crucial for animal survival. Since an
increased expression of IL-6 (see below) and of adenosine
A1 receptors also occurs in humans (Angelatou et al, 1993),
it is likely that rapid IL-6 release in response to seizures is
protective in upcoming seizure events by upregulating
neuronal adenosine A1 receptors. This might be different
when IL-6 is chronically elevated. Increased neuronal death
has been described after chronic treatment with IL-6 in vitro

and animals with chronic IL-6 expression in astrocytes
show enhanced neurodegeneration and increased sensitivity
to kainite-induced seizures (Qiu et al, 1998; Nelson et al,
2004; Conroy et al, 2004; Campbell et al, 1993; Samland
et al, 2003). It is not yet clear whether adenosine A1 receptor
expression is affected by chronic elevated IL-6 levels.
Experiments to address this question are currently under-
way in our laboratory.

Rapid induction of IL-6 expression in the brain is known
to occur in most (if not all) neuropathological conditions,
including seizures in humans (Lehtimäki et al, 2003, 2004;
Peltola et al, 1998, 2002; Jankowsky and Patterson, 1999)
where IL-6 levels in the cerebrospinal fluid up to 100 pg/ml
have been found (Peltola et al, 2000). Astrocytes are a major
source of IL-6 in the brain (van Wagoner and Benveniste,
1999). We and others have shown that activation of
adenosine A2B receptors in astrocytes leads to the synthesis
and release of IL-6 (Fiebich et al, 1996; Schwaninger et al,
1997, 2000). Since adenosine A2B receptors have a low
affinity for adenosine, high concentrations of the ligand
(which are found during seizures or hypoxia) are required
to activate this receptor. Thus, we propose that the
following series of events are involved in the cross talk
between IL-6 and the adenosinergic system during neuro-
pathological conditions: (1) readily released adenosine
activates low-affinity adenosine A2B receptors in astrocytes
that in response (2) secrete IL-6, which in turn (3) increases
the expression adenosine A1 receptors, and consequently
(4) amplifies their neuroprotective properties (Figure 8).

According to the above-mentioned assumptions, high
levels of extracellular adenosine are required to initiate the

Neuropathological
event

Neuroprotection

Adenosine
Astroglial adenosine

A2B receptors

Astroglial adenosine A1
receptors

stimulation (IV)

stimulation (II)

release(I)

IL-6 upregulation (VI)

various mechanisms (III)

synthesis (V)

Figure 8 Scheme that illustrates the proposed relationship between
interleukin-6 (IL-6) and the adenosinergic system in neuroprotection. (I–III)
Classical pathway in adenosine A1 receptor-mediated neuroprotection.
Any neuropathological condition induces the release of adenosine (I) that
stimulates neuronal adenosine A1 receptors (II) and causes neuroprotec-
tion by membrane hyperpolarization and inhibition of neurotransmitter
release (III). (IV–VI) Adenosine at high concentration is sufficient enough to
stimulate low-affinity adenosine A2B receptors in astrocytes (IV) that induce
the synthesis of IL-6 in these cells (V). IL-6 upregulates the expression of
neuronal adenosine A1 receptors (VI) and thus guarantees the presence of
protective receptors that without IL-6 would undergo desensitization due
to high ligand concentrations.
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process. It is worth to note that a significant correlation was
found between the seizure scores in the first day and the
induction of adenosine A1 receptor expression in the
hippocampus and cortex of WT mice, suggesting that only
in animals with high-seizure scores a sufficient amount of
adenosine was released to stimulate the synthesis of IL-6.
Thus, the feed-forward loop now proposed (Figure 8)
leading to amplification of adenosine A1 receptor signaling
might be particularly relevant in vivo to counteract
pathological conditions associated with intense neuronal
firing.

In conclusion, the data presented here demonstrate that
IL-6 induces the expression of neuronal adenosine A1

receptors in vitro and in vivo. This mechanism results in
improved adenosinergic signaling and increased neuronal
survival, and thus constitutes a molecular foundation of
IL-6-induced neuromodulation and neuroprotection.
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