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Interleukin-6 Enhances Expression of Adenosine
A; Receptor mRINA and Signaling in Cultured

Rat Cortical Astrocytes and Brain Slices

Knut Biber, Ph.D. , Beate Lubrich, Ph.D. , Bernd L. Fiebich, Ph.D. ,
Hendrikus W.G.M. Boddeke, Ph.D., and Dietrich van Calker, M.D., Ph.D.

The inhibitory neuromodulator adenosine is released in the
brain in high concentrations under conditions of exaggerated
neuronal activity such as ischemia and seizures, or
electroconvulsive treatment. By inhibiting neural
overactivity, adenosine counteracts seizure activity and
promotes neuronal survival. Since stimulation of adenosine
Ay receptors on astrocytes induces increased synthesis and
release of interleukin-6, which also exerts neuroprotective
effects, we hypothesized that the effects of interleukin-6 and of
adenosine might be related. We report here that stimulation
with interleukin-6 of cultured astrocytes, of cultured
organotypic brain slices from newborn rat cortex, and of
freshly prepared brain slices from rat cortex induces a
concentration- and time-dependent upregulation of
adenosine A, receptor mRNA. This increased adenosine A;
receptor mRNA expression is accompanied in astrocytes by

an increase in adenosine A; receptor-mediated signaling via
the phosphoinositide-dependent pathway. Since upregulation
of adenosine A receptors leads to increased neuroprotective
effects of adenosine, we suggest that the neuroprotective
actions of interleukin-6 and adenosine are related and might
be mediated at least in part through upregulation of
adenosine A, receptors. These results may be of relevance for
a better understanding of neuroprotection in brain damage
but also point to a potential impact of neuroprotection in the
mechanisms of the antidepressive effects of chronic
carbamazepine, electroconvulsive therapy, and sleep
deprivation, which are all accompanied by adenosine A;
receptor upregulation. [Neuropsychopharmacology
24:86-96, 2001] © 2000 American College of
Neuropsychopharmacology. Published by Elsevier Science
Inc. All rights reserved.
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Adenosine, as a metabolite of ATP, nature’s general en-
ergy source, has acquired early in evolution the general
function of signaling and counteracting a dysbalance of
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energy supply and demand (Newby 1984). In the brain,
adenosine acts as an inhibitory neuromodulator, which
is released under conditions of neuronal activity and re-
duces this activity by inhibition of transmitter release
and postsynaptic hyperpolarisation. Brain damage, e.g.,
by stroke, ischemia, and seizures leads to a pronounced
increase in extracellular adenosine (for review see Ru-
dolphi and Schubert 1996) which counteracts seizure
activity (Dragunow 1988) and promotes neuronal sur-
vival (Deckert and Gleiter 1994; Picano and Abbracchio
1998; Dux et al. 1990).

In addition to its role as an endogenous anticonvul-
sant and neuroprotective agent, adenosine is now
recognized as an important regulator of sleep and
wakefulness (for review see Porkka-Heiskanen 1999).
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Adenosine’s actions in the brain and elsewhere in the
body are mediated by at least four subtypes of extracel-
lular receptors, A;, A,,, Ay, and A;, which have been
cloned, are all coupled to guanine nucleotide binding
proteins (G proteins), and have different patterns of tis-
sue expression (for review see Olah and Stiles 1995). In
the brain, A; receptors are widely distributed and are
particularly prominent in the hippocampus, striatum,
and neocortex. A,, receptors are largely restricted to
dopamine-rich areas such as the caudate, putamen, nu-
cleus accumbens, and olfactory tubercle and are likely
involved in the regulation of dopamine signaling,
whereas A,, receptors are widely distributed in the
brain and may be predominantly localized on astro-
cytes (Williams 1995). Adenosine A;- and A,-receptor
subtypes were originally distinguished by their differ-
ential effects on adenylyl cyclase (van Calker et al. 1978,
1979), but more recent findings have revealed coupling
of adenosine receptors to other signaling systems in-
cluding the phosphoinositol system, potassium, and
calcium channels (for review see Fredholm et al. 1994;
Ralevic and Burnstock 1998).

Adenosine mediates neuroprotection by inhibiting
presynaptically the release of several neurotransmitters
including the excitatory neurotransmitter glutamate
(Ribeiro 1995). Postsynaptically, adenosine increases
conductances of various K*- and Cl~ -channels, which
hyperpolarize the membrane potential and counteract a
transmitter induced depolarisation with a subsequent
reduction of Ca?* -influx and stabilization of the Mg?*
blockage of NMDA receptors (Rudolphi et al. 1992a,b;
Rudolphi and Schubert 1996). Most, if not all, of these
actions of adenosine are mediated via the adenosine A,
receptor, whereas the role of the other adenosine recep-
tor subtype in neuroprotection is less clear (Schubert et
al. 1997; Abbracchio and Cattabeni 1999; Heurteaux et
al. 1995). Accordingly, upregulation of adenosine A re-
ceptors by chronic treatment with A;-antagonists in-
creases the neuroprotective effect of adenosine (Suther-
land et al. 1991; Rudolphi et al. 1992a,b).

Upregulation of adenosine Al-receptors is also ob-
served after treatments that exert antidepressive effects
in humans such as seizures and electroconvulsive treat-
ment (ECT) (Newman et al. 1984; Gleiter et al. 1989; An-
gelatou et al..1993; Pagonopoulou et al. 1993), REM
sleep deprivation (Yanik and Radulovacki 1987), and
chronic treatment with carbamazepine (Daval et al.
1989; Biber et al. 1999; van Calker et al. 2000). While the
upregulation by carbamazepine of adenosine A; recep-
tors is readily comprehensible from carbamazepine’s
selective antagonistic effects on A, receptors (Clark and
Post 1989; van Calker et al. 1991; Biber et al. 1996), the
upregulation of A; receptors after ECT or sleep depri-
vation presents a paradox, since the increase in extracel-
lular adenosine concentrations under these conditions
(Huston et al. 1996; Porkka-Heiskanen et al. 1997; Dra-
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gunow 1988) should rather downregulate adenosine A,
receptors (Hettinger et al. 1998; Ruiz et al. 1996).

We have, therefore, hypothesized that adenosine
might induce the synthesis and release of a factor that
promotes the upregulation of A; receptors and, thus,
counteracts their downregulation by adenosine. As one
potential candidate for such a factor, we considered the
cytokine interleukin-6 (Il-6) since we and others have re-
cently shown that the synthesis of 1I-6 in astrocyte-like
cells is stimulated by adenosine via A,,-receptors (Fie-
bich et al. 1996; Schwaninger et al. 1997). Furthermore,
1I-6 appeared a likely candidate for such a function due
to several unique properties: it is, like adenosine, syn-
thesized and released in brain under pathological condi-
tions such as ischemia (Loddick et al. 1998) and excita-
tory overstimulation (Schiefer et al. 1998) and in brain
cell cultures after hypoxia (Maeda et al. 1994). IL-6 can
be produced in vivo and in vitro by different brain cell
types including microglia (Murphy et al. 1998), astro-
cytes (Fiebich et al. 1996; Schwaninger et al. 1997), and
neurons (Schobitz et al. 1993; Gadient and Otten 1996;
Maerz et al. 1998). Furthermore, similar to adenosine,
IL-6 appears to have also neuroprotective properties, the
mechanisms of which have remained elusive (for review
see Groul and Nelson 1997; Gadient and Otten 1997).

IL-6 promotes the survival of neurons both under
basal culture conditions (Kushima et al. 1992a; Kushima
and Hatanaka 1992b) and under conditions of ischemia
(Matsuda et al. 1996; Loddick et al. 1998) or induced exi-
totoxicity (Yamada and Hatanaka 1994; Toulmond et al.
1992). Moreover, IL-6 was also found to be neuroprotec-
tive in vivo upon cryolesion induced brain damage, as
shown recently in IL-6 deficient mice (Penkowa et al.
1999). However, similarly to other cytokines (Munoz-
Fernandez and Fresno 1998), 11-6 may exert both benefi-
cial and detrimental activities in neuronal tissue depend-
ing on yet undefined factors (Campbell 1998; Gadient
and Otten 1997; Merrill and Jonakait 1995).

We report here that stimulation of astrocytes and brain
slices with IL-6 induces a pronounced increase of adenos-
ine A; receptor mRNA expression and that in astrocytes
this increase is associated with an upregulation of ade-
nosine A, receptor mediated phosphoinositol signaling.

METHODS

Reagents were purchased from the following sources: Cy-
clopentyladenosine (CPA) and phenylephrine from Re-
search Biochemical, Inc. (RBI distributed by Sigma, De-
isenhofen, Germany); Endotoxin free rat interleukin-6
(IL-6) from PeproTech (London, UK); Dulbecco’s modi-
fied Eagle medium (DMEM), Hank’s balanced salt solu-
tion, and horse serum from Sigma (Deisenhofen, Ger-
many); Fetal calf serum from Boehringer (Mannheim,
Germany); Scintillation fluid (rotiszint ecoplus) from
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Roth (Karlsruhe, Germany); Dowex anion exchanger
(formiate form AG 1 X 8) from BioRad (Munich, Ger-
many); [*H]-myo-inositol and [**P]dCTP from Amersham
and Buchler (Braunschweig, Germany); Bst E II from
Pharmacia (Freiburg, Germany); Dynabeads from Dynal
AG (Hamburg, Germany); Murine Moleney Leukemia
Virus Reverse Transcriptase (M-MLV RT) and T4 ligase
from Gibco BRL Life Technologies (Eggenstein, Ger-
many); Taq Polymerase from InViTek (Berlin, Germany);
TA cloning kit from Invitrogen (Leek, The Netherlands);
Random priming kit Prime IT II from Stratagene (Heidel-
berg, Germany). The cDNA probe encoding -actin was a
generous gift from Dr. G. Finkenzeller (Institute for Tu-
mor Biology, Freiburg, Germany)

Cell Cultures

Astrocyte cultures were established as described previ-
ously (Biber et al. 1997). In brief, rat cortex was dissected
under sterile conditions from newborn Wistar rats (< 1d).
The brain tissue was gently dissociated by trituration in
Dulbecco’s phosphate buffered saline and filtered
through a cell strainer (70 um &, Falcon) into Dulbecco’s
modified Eagle’s medium (DMEM). After two washing
steps (200g for 10 min), cells were seeded into 24-well-
dishes (Falcon) (5 X 10° cells/well). For total RNA and
mRNA preparation, cells were grown in 6-well dishes
(Falcon) (2 X 10° cells/well) and standard dishes (Falcon,
10 cm @) (8 X 10° cells/dish), respectively.

Cultures were maintained for four weeks in DMEM
containing 10% foetal calf serum with 0.01% penicillin
and 0.01% streptomycin in a humidified atmosphere (5%
CO,) at 37°C. Culture medium was changed on the sec-
ond day after preparation and every six days thereafter.

Organotypic Slice Cultures

Cortex was dissected from neonatal rats and slices (350
pum) were cut under aseptic conditions using a Mcllwain
tissue chopper. The slices were cultured as described by
Frotscher and Heimrich (1993). Slices were placed on Mil-
lipore membranes (Millicell-CM) that were transferred
into 6-well dishes containing 1ml medium of the follow-
ing composition [50% (vol/vol) minimal essential me-
dium; 25% (vol/vol) Hank’s balanced salt solution; and
25% (vol/vol) inactivated horse serum] containing 2mM
glutamine and 0.044% NaHCO3 (final concentration) ad-
justed to pH 7.3. The slices (three per membrane) were
cultured for four days in a humidified atmosphere (5%
CO,) at 37°C before the experiments. The medium was
changed on the second day and 1 hour before stimulation.

Brain Slices

Young Wistar rats (13-17-d-old) were killed by decapi-
tation in accordance with institutional guidelines and
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the cerebral cortices prepared. Slices of the cerebral cor-
tex (300 wm) were cut with a vibratom (DTK 1000;
Dosaka (EM Co Ltd, Kyoto, Japan)) and incubated for
three hours at 37°C in ringer solution containing the
various additions (IL-6 or vehicle) oxygenated with a
constant flow of carbogene (95% O,, 5% CO,).

Inositolphosphate Determination

Four week-old astrocyte cultures were labelled for 24 h
with 1 puCi [*H]-myo-inositol in 250l of culture me-
dium. After three washings with 500 pl incubation
buffer (118 mM NaCl, 4.7 mM KCl, 3 mM CaCl, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 0.5 mM EDTA, 10 mM Glu-
cose, and 20 mM HEPES; pH 7.4), cells were incubated
for 15 min at 37°C in the same buffer supplemented
with 10 mM LiCl and stimulated for 20 min with the «;-
adrenergic receptor agonist phenylephrine (100 M) in
the presence or absence of CPA. The reaction was
stopped by the addition of ice-cold trichloroacetic acid
(TCA; 100% w/v) up to a final concentration of 10%
TCA. Dishes were incubated on ice for 30 min.

Separation of inositolphosphates was performed on
Dowex anion exchange columns (Formiate Form AG 1
X 8) as described previously (Biber et al. 1997). In brief,
TCA was extracted with diethylether (three times) and
samples were neutralized to pH 7 with 5 mM disodium
tetraborate. Samples were loaded on Dowex columns
and after two washing steps (10 ml water; 10 ml 50 mM
disodium tetraborate/60 mM ammonium formate)
inositolphosphates were eluted with 2 ml of 1 M ammo-
nium formate/0.1 M formic acid. Samples were mixed
with 6ml of liquid scintillation fluid and counted. De-
terminations were performed in triplicate. Data are
given as means = SD and statistical analysis was per-
formed by Students t-test.

Total RNA Extraction

Cells, brain slices and slice cultures were lysed in guani-
dinium isothiocyanate/mercaptoethanol (GTC) solution
and total RNA was extracted according to Chomczyn-
ski and Sacchi (1987).

mRNA Extraction and Northern Analysis

Cells were lysed in 500 pl lysis/binding buffer (Dynal,
Hamburg, Germany) and mRNA was extracted with
150 wl Dynabeads according to the manufacturers pro-
tocol. mRNA (2-3 ng) was eluted in 15 pl water, sepa-
rated by agarose-formaldehyde gel electrophoresis,
blotted onto positively charged Nylon membranes
(Pharmacia, Freiburg, Germany), and cross-linked by
exposure to 120°C for 30 min. As a marker, 15 pg of to-
tal RNA was run on the same gel and stained with
ethidium bromide to determine the bands for 18s and
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28s ribosomal RNA. The filters were prehybridized in
50% formamide, 0.25 M Na-phosphate buffer, pH 7.2,
0.25 M NaCl, 10 mM EDTA, 200 pg/ml salmon sperm
DNA, and 7% SDS at 43°C for 2 h. cDNA probes (as
used in Biber et al. (1999)) were labelled with 50 pCi
[**P]dCTP (Amersham and Buchler, Braunschweig,
Germany) using a random priming kit from Stratagene
(Heidelberg, Germany). Unincorporated nucleotides
were removed using a nucleotide removal kit from
Qiagen.

Overnight hybridization was performed at 43°C,
adding the radiolabeled probe to the prehybridization
buffer. Membranes were washed in 2 X SSC/0.1% SDS
(3 X 20 min) at 60°C and exposed to Kodak XAR film at
—80°C for adequate periods of time. For rehybridiza-
tion, probes were removed by boiling the filter at 95°C
in distilled water. Experiments were carried out in trip-
licate. Band intensities were determined with a gel im-
aging program (One-DeScan; MWG Biotech, Germany).

Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR)

Reverse Transcription. In case of cultured astrocytes,
1 pg of total RNA was transcribed into cDNA in a final
volume of 25 pul containing 200 U M-MLV RT (Gibco),
40 U RNAse inhibitor (Pharmacia, Freiburg, Germany),
1 wl random hexamers (2.5 nM), 9 ul H,O, 5 pl 5 X
buffer (Gibco), 4 pl DTT (0.1 M), and 5 pl ANTPs (2.5
mM). After 10 min of incubation at 30°C and 60 min at
42°C, the reaction was stopped by heating at 95°C for 5
min. Since the RNA amounts obtained from cultured
brain slices were very limited (approximately 0.2 to 1
ng), all RNA was used in the RT. The RT protocol was
the same as for RNA from cultured astrocytes.

Potential contamination by genomic DNA were
checked for by running the reactions without reverse tran-
scriptase and using S12 primers in subsequent PCR ampli-
fications. Only RNA samples which showed no bands af-
ter that procedure were used for further investigation.

Polymerase Chain Reaction. For PCR amplification,
the following reagents were added to 2 .l of the RT-reac-
tion: 4 pl MgCl 25 mM, 5 pl 10 X PCR Buffer (InViTek,
Berlin, Germany), 4 ul dNTPs 10 mM, 35 pl H,O, 0.5 pl of
each primer, and 0.5 U Taq Polymerase (InViTek). PCR
conditions were as follows: 1 min denaturation at 94°C, 1
min primer annealing, and 1.5 min amplification at 72°C.
PCR was terminated by an incubation at 72°C for 7 min.
Sequences of oligonucleotide primer pairs and PCR
conditions: Adenosine A, receptor, (Mahan et al. 1991)
No. 55 5'-ATTGCCTTGGTCTCTGTGC and No. 690
5’-CAGCTCCTTCCCGTAGTAC, annealing tempera-
ture 59°C, 35 cycles. S12 ribosomal protein (Ayane et al.
1989) No. 49 5'-ACGTCAACACTGCTCTACA and No.
360 5'-CTTTGCCATAGTCCTTAAC, annealing tem-
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perature 56°C, 28 cycles. The plateau phase of the PCR-
reaction was not reached under these PCR-conditions.

Quantification of PCR-Products. PCR products were
quantified as described previously (Biber et al. 1997). In
brief; amplified cDNAs were separated on ethidium
bromide stained agarose gels and analyzed by use of a
gel imaging system (One-DeScan; MWG Biotech, Ger-
many). Arbitrary units of adenosine A, receptor mRNA
were correlated to arbitrary units of S12 mRNA (= 100%)
of the same sample. Data are given as means * SEM
and statistical analysis were performed by Student’s
t-test.

Competitive RT-PCR

Competitive RT-PCR was used to determine the in-
crease of adenosine A, receptor mRNA expression. A
deletion product was constructed consisting of the
same sequence amplified by the adenosine A; receptor
primer but missing an internal 300 nucleotide fragment.
Ten micrograms of a vector (TA cloning Kit, Invitrogen,
Leek, The Netherlands) containing the A; receptor
cDNA was digested by Bst E II and the fragments were
separated on a preparative agarose gel. The linerarized
plasmid was extracted and re-ligated overnight with T4
DNA ligase (Gibco) at 14°C. The remaining vector was
cloned and sequenced by ALF and the insert used for
competitive PCR. The RT mixtures were diluted 1:4 and
used (4 wl) in competition assay together with known
amounts (4 ul) of the deletion construct (1-1000 fg).

Amplified cDNAs were separated on ethidium bro-
mide stained agarose gels and analyzed by gel imaging.
For data analysis, the logarithm of the ratio of the den-
sity (A,/construct) was plotted as a function of the log
of the concentration of the construct and fitted by linear
regression. The 0 value of the log of the ratio (A;/con-
struct) represents the point at which the A; PCR product
and the construct product are present in equal amounts
and therefore are also comparable before the PCR reac-
tion (Diviacco et al. 1992; Galea and Feinstein 1992).

RESULTS

IL-6 Increases Adenosine A; Receptor mRNA
Expression in Cultured Rat Cortical Astrocytes

Northern blot hybridisation of polyA RNA showed that
6h stimulation of rat cortical astrocyte cultures with
IL-6 (100 U) causes a pronounced upregulation of ade-
nosine A, receptor mRNA (Figure 1). Semi-quantitative
RT-PCR experiments yielded similar results (Figure 2).
This technique was utilized to study concentration-
dependence and the time course of the IL-6 effect.
Figure 3A shows that already 1 U IL-6 induced a
small increase in adenosine A; receptor mRNA expres-
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IL-6 (100U/6h)

'(—]88

A, receptor

B-actin

Figure 1. Northern blot analysis of polyA RNA from cul-
tured cortical astrocytes as described in material and meth-
ods. Stimulation with IL-6 (100 U/6 h) led to an upregulation
of adenosine A; receptor mRNA expression (upper panel);
control hybridisations were performed with a cDNA probe
for B-actin (lower panel). Arrows indicate the 18s RNA
determined by running total RNA in the same blot. For
details see Materials and Methods. Similar results were
obtained in three independent experiments. IL-6 induced
upregulation of adenosine A; receptor mRNA was 197 * 18
%, p = .01, Student’s t-test.

sion, whereas the maximum was reached after stimula-
tion with 10 U IL-6. No upregulation was found 1h after
stimulation, but after 3 h the effect was at its maximum
and remained at this plateau at least for 12 h of stimula-
tion (Figure 3B).
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Figure 2. Effect of IL-6 stimulation (6 h) on adenosine A,
receptor mRNA expression in cultured cortical astrocytes
compared to unstimulated control (C) determined by semi-
quantitative RT-PCR. This figure illustrates a typical experi-
ment. Increase in adenosine A; receptor mRNA expression
was determined as described in Material and Methods.
Bands for adenosine A; receptor and S12 were 635 bp and
311 bp, respectively. MM: molecular weight marker; high-
lighted band is 600 bp.

Stimulation with IL-6 Increases Adenosine A,
Receptor mRNA Expression in Organotypic
Slice Cultures from Rat Cortex

It has been documented that organotypic slice cultures
from neonatal rodent brain develop very similar to brain
tissue in vivo. Therefore, these slice cultures are suitable to
study the effects of long-term stimulation with drugs or
hormones (for review see Gahwiler et al. 1997). Stimula-
tion of organotypic slices with IL-6 increased the expres-
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control 1h 3h 6h 12h
IL-6 (50 U)

B

Figure 3. Concentration response curve (A) and time course (B) of IL-6 mediated upregulation of adenosine A; receptor
mRNA expression in cultured cortical astrocytes measured by semi-quantitative RT-PCR as described in Methods. Data given
are means = SEM (n = 4). *, **, significantly different from unstimulated situation, p = .05 and .01, respectively; Student’s t-test.
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sion of adenosine A, receptor mRNA. The concentration-
and time-dependence of this effect was comparable to
that observed in astrocyte cultures: 10 U IL-6 were suffi-
cient to induce maximal A;-receptor mRNA upregulation
(Figure 4A), A,-receptor mRNA upregulation was signifi-
cant (p = .05, Student’s t-test) 3 h after stimulation (50 U
IL-6) and lasted for 12 h (Figure 4B).

Stimulation with IL-6 Increases Adenosine A,
Receptor mRNA Expression in Slices from Rat Cortex

The finding that in organotypic brain slice cultures and
cultured astrocytes an IL-6 induced increase in A;-
receptor mRNA was already evident 3 h after stimula-
tion (Figures 3B and 4B) encouraged us to ascertain po-
tential similar effects also in freshly prepared brain
slices, which are much less resistant to prolonged incu-
bation in vitro. Indeed, 3 h incubation with 50 U/ml IL-
6 increased the A;-receptor mRNA content in the slices
to 370 * 65 % of controls (n = 3) (determined with
semiquantitative RT-PCR; data not shown).

IL-6 (50U/6h) Induces a 2-Fold Increase in Adenosine
A; Receptor nRNA Measured by Competitive PCR

Due to limited amounts of RNA (0.2-1 ug) it was not
possible to perform Northern blots from organotypic

*k

~ 200 -

150 -

Arbitrary Units A1/S12 (% of contro

100 -

| | | | |
control 1U 10U 50U 100U

A IL-6 (6 h)
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slice cultures. Moreover, the variance of the results ob-
tained with RT-PCR using RNA from these cultures
was more pronounced as compared to cultured astro-
cytes (see Figures 3 and 4). Therefore, competitive PCR
experiments were performed to determine the increase
in mRNA expression more precisely both in astrocytes
and in slice cultures. Four microliters of the cDNA sam-
ple were amplified together with a known concentra-
tion of a standard construct and the resulting fragments
were separated by gel electrophoresis. Both band inten-
sities were measured and plotted as indicated in meth-
ods and materials.

A typical experiment for cultured brain slices is
shown in Figure 5. Adenosine A; receptor mRNA
amount per preparation (10 cm @ culture dish) in cul-
tured astrocytes varied between 10 fg and 30 fg (un-
stimulated control) and between 20 fg and 70 fg (IL-6
stimulated), which revealed an upregulation of 259 *
36% by IL-6 stimulation. In cultured cortical slices, val-
ues between 10 fg and 80 fg (unstimulated control) and
20 fg and 220 fg (IL-6 stimulated) adenosine A, receptor
mRNA were found per preparation (three slices on a
Millipore membrane), which revealed an upregulation
of 230 = 31% by IL-6 stimulation. Data are given as per-
cent of unstimulated control (= 100%) and are means *
SD (n = 7), both effects are found to be significant with
p = .05, Student’s t-test. Thus, measurement of adeno-

200 - _

150 —

100

T T T T T
control 1h 3h 6h 12h

5 IL-6 (50 U)

Figure 4. Concentration response curve (A) and time course (B) of IL-6 mediated upregulation of adenosine A; receptor
mRNA expression in cultured cortical slices measured by semi-quantitative RT-PCR as described in methods. Data given are
means = SEM (n = 5). *, **, significantly different from unstimulated situation p = .05 and .01, respectively; Student’s t-test.
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sine A; receptor mRNA by competitive RT-PCR con-
firmed the results obtained with Northern blot and
semiquantitative RT-PCR and indicated in addition that
IL-6 (50U/6h) increased the expression of adenosine A,
receptor mRNA in astrocytes and brain slices by ap-
proximately a factor of 2.5 (see legend to Figure 5).

Stimulation with IL-6 Increases Adenosine A,
Receptor Signaling

We have recently shown that adenosine A, receptor
stimulation alone had no influence on the inositolphos-
phate system, whereas stimulation of A; receptors in
astrocytes leads to a potentiation of a phenylephrine in-
duced inositolphosphate accumulation (Biber et al.
1997). The extent of adenosine A; receptor-mediated
potentiation of phosphoinositol signaling was found to
be highly dependent on the protein expression level of
these receptors (Biber et al. 1997, 1999). Therefore, we
investigated the influence of IL-6 treatment on the po-
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control

IL-6 (50U/6h)

Figure 5. Upregulation of adenosine
A; receptor mRNA expression in cul-
tured cortical slices determined by
competitive RT-PCR. (A) Competition
between adenosine A; receptor PCR
product (p) (635 bp) and increasing
amount of a construct (c) (335 bp) pro-
duced by deletion of an internal portion
of the adenosine A; receptor product.
(B) Quantitative analysis of the gel pre-
sented in A. The log of the ratio of the
density (adenosine A; receptor/con-
struct) was plotted as a function of the
log of the concentration of the construct
as indicated in material and methods
and fitted by linear regression analysis.
IL-6 (O) treatment (50 U/6 h) induces
an approximately 3-fold increase in
adenosine A; receptor mRNA com-
pared to untreated controls (@).

tentiation of phenylephrine induced inositolphosphate
accumulation by adenosine A; receptors.

IL-6 treatment had no influence on basal inositol-
phosphate accumulation, nor on phenylephrine in-
duced inositolphosphate accumulation in cultured as-
trocytes (legend to Figure 6). However, treatment of
cortical astrocyte cultures with IL-6 (100 U/16 h) signif-
icantly increased the adenosine A; receptor mediated
potentiation of phenylephrine induced inositolphos-
phate accumulation as compared to control cultures
without IL-6 treatment (Figure 6).

DISCUSSION

The neuromodulator adenosine acts as an endogenous
neuroprotective agent in the brain (for review see Ru-
dolphi and Schubert 1996). Some evidence also indi-
cates a neuroprotective action of the proinflammatory
cytokine IL-6 (for example, see Loddick et al. 1998; Mat-
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Figure 6. Effect of CPA on phenylephrine (100 uM) induced
IP accumulation in cultured cortical astrocytes with (O) or
without (@) IL-6 (100 U/16 h). Data are given as a percentage
effect of phenylephrine-induced IP accumulation (phenyleph-
rine (100 pM): 2350 = 198 cpm = 100%, IL-6 (100 U/16 h)
treated cultures + phenylephrin: 2384 = 157 cpm = 100%).
Basal IP levels in control cultures were 1140 *+ 180 cpm and in
IL-6 treated cultures 1127 = 124 cpm. CPA alone had no influ-
ence on IP levels (CPA 1 uM; control cultures 1189 * 167 cpm,
IL-6 treated cultures 1169 = 139 cpm). Similar results were
obtained in three independent experiments. *, significantly dif-
ferent from untreated control p = .05; Student’s t-test.

suda et al. 1996, Toulmond et al. 1992). Both com-
pounds are synthesized and released in brain under
pathological conditions such as ischemia (Loddick et al.
1998; Rudolphi and Schubert 1996).

The results of the present study together with those of
previous evidence (Fiebich et al. 1996; Schwaninger et al.
1997) suggest a relationship between the neuroprotective
effects of adenosine and I1-6 and provide a potential expla-
nation for the paradoxical finding that adenosine A, re-
ceptors are up-regulated after sleep deprivation (Yanik
and Radulovacki 1987) and ECT (Newman et al. 1984;
Gleiter et al. 1989; Angelatou et al.1993; Pagonopoulou et
al. 1993), despite the presence of increased adenosine con-
centrations under these conditions (Huston et al. 1996;
Porkka-Heiskanen et al. 1997; Dragunow 1988).

We propose that increased adenosine concentrations
might induce in astrocytes the synthesis and release of
1I-6 (Fiebich et al. 1996; Schwaninger et al. 1997) which
in turn induces upregulation of A; receptors in the
same and/or other cells. This proposal is based on the
following findings: 1) Stimulation of cultured astro-
cytes and cultured as well as fresh brain slices of the rat
cortex with IL-6 up-regulates the expression of adenos-
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ine A; receptor mRNA, as determined consistently with
different techniques (Northern blots, RT-PCR and com-
petitive PCR); 2) Both the concentration dependence
(maximal effect at 10 U/ml IL-6) and the time course
(first effect after 3 h) of this action, as well as the extent
of upregulation (measured by competitive RT-PCR; ap-
proximately 2.5 fold), were identical in astrocytes and
cultured brain slices. This suggests a similar effect of
IL-6 in both preparations; and 3) A pronounced effect of
IL-6 on A; receptor mRNA expression was also ob-
served in freshly isolated brain slices.

We have shown recently that the expression of ade-
nosine A; receptor mRNA in cultured astrocytes corre-
lates well with the expression of its receptor protein
(Biber et al. 1997). Furthermore, a relationship between
adenosine-mediated potentiation of inositolphosphate
accumulation and A; receptor-expression has been de-
scribed (Biber et al 1999). The increase by IL-6 of aden-
osine A, receptor mediated potentiation of PLC activity
in cultured astrocytes is therefore most likely explained
by an increase in adenosine A, receptor protein level in
parallel to the observed increase in A; receptor mRINA.
Since the effect of IL-6 on A;-mRNA expression is ob-
served in astrocyte cultures, these cells most probably
play an important role in the similar effect observed in
slice cultures and slices. It is not clear to what degree
up-regulation of neuronal A; receptor mRNA contrib-
utes to the effect seen in slices in addition to the effect
observed in astrocytes. In-situ hybridisation experi-
ments may help to clarify this issue.

Cultured organotypic brain slices resemble brain tis-
sue in vivo in many aspects and appear therefore to be
particularly suited to study the effects of long-term
stimulation with several agents (for review see Gih-
wiler et al. 1997). The similarity between cultured orga-
notypic brain slices and the in vivo situation and the ef-
fect of IL-6 also on fresh rat brain slices makes it
tempting to speculate that similar effects of IL-6 might
also occur in vivo and suggests a potential relationship
between the actions of adenosine and IL-6 in brain. It
has been shown recently that stimulation of adenosine
A,p receptors in astrocytes leads to the increased syn-
thesis of IL-6 (Fiebich et al. 1996; Schwaninger et al.
1997). Similarly, organotypic brain slice cultures and
fresh rat brain slices were found to increase their con-
tent of IL-6 mRNA after stimulation with the nonselec-
tive adenosine receptor agonist 5'-N-Ethylcarboxami-
doadenosine (NECA) (our unpublished results).

The adenosine A,y receptor is known as the low affin-
ity adenosine receptor which requires high concentra-
tions of adenosine for its activation (Rudolphi et al
1992a,b) occurring after ischemia or excitotoxicity and
other pathological conditions (for review see Rudolphi
and Schubert 1996). Various types of brain damage are
not only associated with a large increase in extracellular
adenosine but are also accompanied by an increased ex-
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pression of IL-6 in the brain (Hagberg et al. 1996; Loddik
et al. 1998; Schiefer et al. 1998). This implies that the stim-
ulation of A,p receptors by the high concentrations of
adenosine accumulating under pathological conditions
could at least partially be instrumental to the large in-
crease in the synthesis of IL-6 in brain observed under
these conditions. The results presented here furthermore
suggest that this increase in IL-6 might cause beneficial ef-
fects on neuronal survival at least partially mediated via
IL-6 induced up-regulation of adenosine A, receptors.

While the present work was in progress it was
shown that stimulation of adenosine A; receptors in-
duces in cultured rat astrocytes the synthesis and the
release of nerve growth factor (NGF) and S-1008 pro-
tein (Ciccarelli et al. 1999). These data suggest that
upregulation by IL-6 of adenosine A, receptors in astro-
cytes may promote the synthesis and release of neuro-
protective peptides such as NGF and S-1008 protein,
which may thus be instrumental to the neuroprotective
effects of IL-6 and adenosine.

The relationship between adenosine and Il-6 reported
in the present study may have importance beyond the
neuroprotective effects of these compounds in severe
brain injury. The issue of neuroprotection and neurotro-
phins is now recognized as an important new lead for a
deeper understanding of the pathophysiology of mood
disorders and the mechanisms of action of antidepres-
sants and mood stabilizers (Duman et al. 1997; Altar 1999;
Manyji et al. 2000). Thus, e.g., the upregulation of adenos-
ine A;-receptors present after chronic treatment with car-
bamazepine (Daval et al. 1989) or ECT (Newman et al.
1984; Gleiter et al. 1989) might promote neuroprotection
in the brain and thereby contribute to the antidepressant
and prophylactic effects of these treatments.

In conclusion, we have shown that in vitro stimulation
of astrocytes and brain slices with IL-6 leads to an in-
creased expression of adenosine A; receptor mRNA and,
in astrocytes, to an increased signalling through the phos-
phoinositol system. Since adenosine induces an increased
synthesis of IL-6 and both IL-6 and activation of adeno-
sine A; receptors exhibit neuroprotective properties, these
results suggest that the neuroprotective effects of adeno-
sine and IL-6 are intricately related and might be partially
mediated via A;-receptor upregulation. A deeper under-
standing of the factors that control A;-receptor regulation
in the brain could pave the ground for the development of
improved therapeutic measures in patients with brain in-
juries and may also foster insight in the potential impact of
neuroprotection in mood disorders.

ACKNOWLEDGMENTS

The authors wish to thank Dr. K.-N. Klotz for helpful discus-
sions and support. This work was supported by the Deutsche
Forschungsgemeinschaft grant No. Ca 115/5-2.

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 24, NO. 1

REFERENCES

Abbracchio MP, Cattabeni F (1999): Brain adenosine recep-
tors as targets for therapeutic intervention in neurode-
generative diseases. Ann N Y Acad Sci 890:79-92

Angelatou F, Pagonopoulou O, Maraziotis T, Olivier A,
Villemeure JG, Avoli M, Kostopoulos G (1993): Upregu-
lation of Al adenosine receptors in human temporal
lobe epilepsy: A quantitative autoradiographic study.
Neurosci Lett 163(1):11-14

Altar CA (1999): Neurotrophins and depression. Trends
Pharmacol Sci 20:59-61

Ayane M, Nielsen P, Kéhler G (1989): Cloning and sequenc-
ing of mouse ribosomal protein S12 ¢cDNA. Nucleic
Acid Res 17:6722-6728

Biber K, Walden ], Gebicke-Haerter PJ, Berger M, van Calker
D (1996): Carbamazepine inhibits the potentiation by
adenosine analogues of agonist induced inositolpho-
phosphate formation in hippocampal astrocyte cul-
tures. Biol Psychiatry 40:563-567

Biber K, Klotz K-N, Berger M, Gebicke-Haerter PJ, van
Calker D (1997): Adenosine A1l receptor-mediated acti-
vation of phospholipase C in cultured astrocytes depends
on the level of receptor expression. ] Neurosci 17:4956—
4964

Biber K, Fiebich B, Gebicke-Harter PJ, van Calker D (1999):
Carbamazepine-induced upregulation of adenosine A;-
receptors in astrocyte cultures affects coupling to the
phosphoinositol signaling pathway. Neuropsychophar-
macology 20:271-278

Campbell IL (1998): Transgenic mice and cytokine actions in
the brain: Bridging the gap between structural and
functional neuropathology. Brain Res Rev 26:327-336

Chomczynski P, Sacchi N (1987): Single step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chlo-
roform extraction. Anal Biochem 162:156-159

Ciccarelli R, Di Iorio P, Bruno V, Battaglia G, D’Alimonte I,
D’Onofrio M, Nicoletti F, Caciagli F (1999): Activation
of Al adenosine or mGLU3 metabotropic glutamate
receptors enhances the release of nerve growth factor
and S-100B protein from cultured astrocytes. GLIA
27:275-281

Clark M, Post RM (1989): Carbamazepine, but not caffeine, is
highly selective for adenosine A; binding sites. Eur ]
Pharmacol 164:399-401

Daval J-L, Deckert J, Weiss SRB, Post RM, Marangos PJ
(1989): Upregulation of adenosine Al-receptors and for-
skolin binding sites following chronic treatment with
caffeine or carbamazepine. Epilepsia 30:26

Deckert J, Gleiter CH (1994): Adenosine—an endogenous
neuroprotective metabolite and neuromodulator. ] Neu-
ral Trans Suppl 43:23-31

Diviacco S, Norio P, Zentilin L, Menzo S, Clementim M, Bia-
monti G, Riva S, Falaschi A, Giacca M (1992): A novel
procedure for quantitative polymerase chain reaction
by coamplification of competitive templates. Gene 122:
313-320

Dragunow M (1988): Purinergic mechanisms in epilepsy.
Prog Neurobiol 31:85-108

Duman RS, Heninger GR, Nestler EJ (1997): A molecular



NEUROPSYCHOPHARMACOLOGY 2001-VOL. 24, NO. 1

and cellular theory of depression. Arch Gen Psychiatry
54:597-606

Dux E, Fastbom J, Ungerstedt U, Rudolphi KA, Fredholm BB
(1990): Protective effect of adenosine and a novel xan-
thine derivative propentofylline on the cell damage
after bilateral carotid occlusion in the gerbil hippocam-
pus. Brain Res 516:248-256

Fiebich BL, Biber K, Gyufko K, Berger M, Bauer J, van Calker
D (1996): Adenosine A2b receptors mediate an increase
in interleukin (IL)-6 mRNA and IL-6 protein synthesis
in human astroglioma cells. ] Neurochem 66:1426-1431

Fredholm BB, Abbrachio MP, Burnstock G, Daly JW, Harden
KT, Jacobson KA, Leff P, Williams M (1994): VL
Nomenclature and classification of purinoceptors. Phar-
macol Rev 46:143-156

Frotscher M, Heimrich B (1993): Formation of layer-specific
fiber projection to the hippocampus in vitro. Proc Natl
Acad Sci U S A 90:10400-10403

Gadient RA, Otten U (1996): Postnatal expression of inter-
leukin-6 (IL-6) and IL-6 receptor (IL-6R) mRNAs in rat
sympathetic and sensory ganglia. Brain Res 724:41-46

Gadient RA, Otten UH (1997): Interleukin-6 (IL-6): A mole-
cule with both beneficial and destructive potentials.
Prog Neurobiol 52:379-390

Gahwiler BH, Capogna M, Debanne D, McKinney RA,
Thompson SM (1997): Organotypic slice cultures: A
technique has come of age. Trends Neurosci 20:471-477

Galea JH, Feinstein DL (1992): Rapid synthesis of DNA dele-
tion constructs for mRNA quantification: Analysis of
astrocyte mRNA. PCR Methods Appl 2:66-69

Gleiter CH, Deckert J, Nutt DJ (1989): Electroconvulsive
shock (ECS) and the adenosine neuromodulatory sys-
tem: Effect of single and repeated ECS on the adenosine
A; and A, receptors, adenylate cyclase, and the adenos-
ine uptake site. ] Neurochem 52:641-646

Groul DL, Nelson TE (1997): Physiological and pathological
roles of interleukin-6 in the central nervous system. Mol
Neurobiol 15:307-339

Hagberg H, Gilland E, Bona E, Hanson LA, Hahin-Zoric M,
Blennow M, Holst M, McRae A, Soder O (1996):
Enhanced expression of interleukin (IL)-1 and IL-6 mes-
senger RNA and bioactive protein after hypoxia-
ischemia in neonatal rats. Pediatr Res 40:603-609

Hettinger BD, Leid M, Murray TF (1998): Cyclopentylade-
nosine-induced homologous down-regulation of Al
adenosine receptors (A1AR) in intact neurones is
accompanied by receptor sequestration but not a reduc-
tion in A1IAR mRNA expression or G protein alpha-
subunit content. ] Neurochem 71:221-230

Heurteaux C, Lauritzen I, Widman C, Lazdunski M (1995):
Essential role of adenosine, adenosine Al receptors, and
ATP-sensitive K+ channels in cerebral ischemic precon-
ditioning. Proc Natl Acad Sci U S A 92:4666-4670

Huston JP, Haas HL, Boix F, Pfister M, Decking U, Schrader
J, Schwarting RKW (1996): Extracellular adenosine lev-
els in neostriatum and hippocampus during rest and
activity periods of rats. Neuroscience 73:99-107

Kushima Y, Hama T, Hatanaka H (1992a): Interleukin-6 as a
neurotrophic factor for promoting the survival of cul-
tured catecholaminergic neurones in a chemically

Effect of IL-6 on Adenosine A; Receptor mRNA 95

defined medium from fetal and postnatal rat midbrains.
Neurosci Res 13:267-280

Kushima Y, Hatanaka H (1992b): Interleukin-6 and leukemia
inhibitory factor promote the survival of acetylcho-
linesterase-positive neurones in culture from embryonic
rat spinal cord. Neurosci Lett 143:110-114

Loddick SA, Turnbull AV, Rothwell NJ (1998): Cerebral
interleukin-6 is neuroprotective during permanent focal
cerebral ischemia in the rat. ] Cereb Blood Flow Metab
18:176-179

Maeda Y, Matsumoto M, Hori O, Kuwabara K, Ogawa S,
Yan SD, Ohtsuki T, Kinoshita T, Kamada T, Stern DM
(1994): Hypoxia/reoxygenation-mediated induction of
astrocyte interleukin 6: A paracrine mechanism poten-
tially enhancing neurone survival. ] Exp Med 180:2297-
2308

Maerz P, Cheng J-R, Gadient RA, Patterson PH, Stoyan T,
Otten U, Rose-John S (1998): Sympathetic neurones can

produce and respond to interleukin-6. Proc Natl Acad
Sci U S A 95:3251-3256

Mahan LC, McVittie LD, Smyk-Randall EM, Nakata H,
Monsma FJ, Gerfen CR, Sibley DR (1991): Cloning and
expression of an Al adenosine receptor from rat brain.
Mol Pharmacol 40:1-7

Manji HK, Moore GJ, Chen G (2000): Lithium up-regulates
the cytoprotective protein Bcl-2 in the CNS in vivo: A
role for neurotrophic and neuroprotective effects in
manic depressive illness. J Clin Psychiatry 61(Suppl
9):82-96

Matsuda S, Wen TC, Morita F, Otsuka H, Igase K,
Yoshimura H, Sakanaka M (1996): Interleukin-6 pre-
vents ischemia-induced learning disability and neu-
ronal and synaptic loss in gerbils. Neurosci Lett
204:109-112

Merrill JE, Jonakait GM (1995): Interactions of the nervous
and immune system in development, normal brain
homeostasis, and disease. FASEB ] 9:611-618

Munoz-Fernandez MA, Fresno M (1998): The role of tumour
necrosis factor, interleukin 6, interferon-gamma and
inducible nitric oxide synthase in the development and
pathology of the nervous system. Prog Neurobiol 56:
307-340

Murphy GM Jr, Yang L, Cordell B (1998): Macrophage col-
ony-stimulating factor augments beta-amyloid-
induced interleukin-1, interleukin-6, and nitric oxide
production by microglial cells. ] Biol Chem 273:20967-
20971

Newby AC (1984): Adenosine and the concept of “retalia-
tory metabolites”. Trends Biochem Sci 3:42—44

Newman M, Zohar J, Kalian M, Belmaker RH (1984): The
effects of chronic lithium and ECT on A; and A, adeno-
sine systems in the brain. Brain Res 291:188-192

Olah ME, Stiles GL (1995): Adenosine receptor subtypes:
Characterization and therapeutic regulation. Annu Rev
Pharmacol Toxicol 35:581-606

Pagonopoulou O, Angelatou F, Kostopoulos G (1993): Effect
of pentylentetrazol-induced seizures on Al adenosine
receptor regional density in the mouse brain: A quanti-
tative autoradiographic study. Neuroscience 6:711-716

Penkowa M, Moos T, Carrasco J, Hadberg H, Molinero A,
Bluethmann H, Hidalgo ] (1999): Strongly compromised



96 K. Biber et al.

inflammatory response to brain injury in interleukin-6-
deficient mice. GLIA 25:343-357

Picano E, Abbracchio MP (1998): European stroke preven-
tion study-2 results: Serendipitous demonstration of
neuroprotection induced by adenosine accumulation?
Trends Pharmacol Sci 19:14-16

Porkka-Heiskanen T (1999): Adenosine in sleep and wake-
fulness. Ann Med 31(2):125-129

Porkka-Heiskanen T, Strecker RE, Thakkar M, Bjorkum AA,
Greene RW, McCarley RW (1997): Adenosine: A media-
tor of the sleep-inducing effects of prolonged wakeful-
ness. Science 276:1265-1268

Ralevic V, Burnstock G (1998): Receptors for purines and
pyrimidines. Physiol Rev 50:413-492

Ribeiro JA (1995): Purinergic inhibition of neurotransmitter
release in the central nervous system. Pharmacol Toxi-
col 77:299-305

Rudolphi KA, Schubert P (1996): Purinergic interventions in
traumatic and ischemic injury. In Peterson PL, Phillis
JW (eds), Novel Therapies for CNS Injuries. CRC Press,
Inc., Boca Raton, New York, London, Tokyo pp 327-342

Rudolphi KA, Schubert P, Parkinson FE, Fredholm B
(1992a): Neuroprotective role of adenosine in cerebral
ischemia. Trends Pharmacol Sci 13:439-445

Rudolphi KA, Schubert P, Parkinson FE, Fredholm BB
(1992b): Adenosine and brain ischemia. Cerebrovasc
Brain Metab Rev 4:346-369

Ruiz A, Sanz JM, Gonzalez-Calero G, Fernandez M, Andres
A, Cubero A, Ros M (1996): Desensitization and inter-
nalization of adenosine A1 receptors in rat brain by in
vivo treatment with R-PIA: Involvement of coated vesi-
cles. Biochim Biophys Acta 1310:168-174

Schiefer J, Topper R, Schmidt W, Block F, Heinrich PC, Noth
J, Schwarz M (1998): Expression of interleukin 6 in the
rat striatum following stereotaxic injection of quinolinic
acid. ] Neuroimmunol 89:168-176

Schobitz B, de Kloet ER, Sutanto W, Holsboer F (1993): Cel-
lular localization of interleukin 6 mRNA and interleu-
kin 6 receptor mRNA in rat brain. Eur ] Neurosci
11:1426-1435

Schubert P, Ogata T, Marchini C, Ferroni S, Rudolphi KA

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 24, NO. 1

(1997): Protective mechanism of adenosine in neurones
and glial cells. Ann N'Y Acad Sci 825:1-10

Schwaninger M, Neher M, Viegas E, Schneider A, Spranger
M. (1997): Stimulation of interleukin-6 secretion and
gene transcription in primary astrocytes by adenosine. ]
Neurochem 69:1145-1150

Sutherland GR, Peeling J, Lesiuk HJ, Brownstone RM,
Rydzy M, Saunders JK, Geiger JD (1991): The effects of
caffeine on ischemic neuronal injury as determined by
magnetic resonance imaging and histopathology. Neu-
roscience 42:171-182

Toulmond S, Vige X, Fage D, Benavides J (1992): Local infu-
sion of interleukin-6 attenuates the neurotoxic effects of
NMDA on rat striatal cholinergic neurones. Neurosci
Lett 144:49-52

van Calker D, Miiller M, Hamprecht B (1978): Adenosine
inhibits the accumulation of cyclic AMP in cultured
brain cells. Nature 276:839-841

van Calker D, Miiller M, Hamprecht B (1979): Adenosine
regulates via two different types of receptors the accu-
mulation of cyclic AMP in cultured brain cells. ] Neuro-
chem 33:999-1005

van Calker D, Steber R, Klotz K-N, Greil W (1991): Carbam-
azepine distinguishes between adenosine receptor sub-
types that mediate, respectively, regulation of cyclic
AMP formation and inhibition of inositolphosphate for-
mation. Eur ] Pharmacol 206:285-290

van Calker D, Biber K, Walden J, Gebicke P, Berger M (2000):
Carbamazepine and adenosine receptors. In Manji HK,
Bowden CL, Belmaker RH (eds), Bipolar Medications,
Mechanism of Action. Washington, DC, American Psy-
chiatric Press, pp 331-346

Williams M (1995): Purinoceptors in central nervous system
function. In Bloom FE, Kupfer DJ (eds), Psychopharma-
cology: The Fourth Generation of Progress. New York,
Raven Press, pp 643-655

Yamada M, Hatanaka H (1994): Interleukin-6 protects cul-
tured rat hippocampal neurones against glutamate-
induced cell death. Brain Res 643:173-180

Yanik GM, Radulovacki M (1987): REM sleep deprivation
upregulates adenosine A, receptors. Brain Res 402:362-364



