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Non-Selective Effects of Adenosine A; Receptor
Ligands on Energy Metabolism and Macromolecular
Biosynthesis in Cultured Central Neurons
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ABSTRACT. To investigate the effects of adenosine A receptor activation on energy metabolism and RNA
and protein biosynthesis in central neurons, cultured neurons from the rat forebrain were exposed for 1 hr to 72
hr to various concentrations (10 nM—100 uM) of the selective A, receptor agonist 2-chloro-N¢-cyclopenty-
ladenosine (CCPA) or the A, receptor antagonist 8-cyclopentyltheophylline (CPT). At all concentrations
tested, the adenosinergic compounds did not affect cell viability within 72 hr of treatment, except for CPT,
which reduced viability by 19.7% when used at the concentration of 100 WM. Energy metabolism was analysed
by studying the specific uptake of 2-D-[?H]deoxyglucose ([’H]2DG). Rates of RNA and protein biosynthesis
were assessed by the measurement of [PH]uridine and [?H]leucine incorporation, respectively. Neuronal PH]2DG
uptake was increased by 16% (P < 0.01) after 8 hr in the presence of 100 wM CCPA, whereas 100 pM CPT
for 24 hr also increased PH]2DG uptake (8%, P < 0.01). At these concentrations, both ligands inhibited
[PH]uridine incorporation after a 3-hr treatment by 92% and 30%, respectively. CCPA never altered [*H]leucine
incorporation when compared to controls, and CPT significantly inhibited protein synthesis only at 10—-100 uM.
Additional experiments to analyse the influence of A, ligands on the transport of PH]2DG, [*H]leucine and
[PH]uridine suggested that CCPA and CPT, which interact functionally with adenosine receptors by regulating
cyclic AMP production in this model, are able to alter energy metabolism and RNA synthesis in central neurons
in a nonspecific manner by interacting with glucose and uridine transporters. BIOCHEM PHARMACOL 55;2:
141-149, 1998. © 1998 Elsevier Science Inc.
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Adenosine is an important modulatory compound in the
mammalian central nervous system. Within the brain,
adenosine levels are tightly regulated and are maintained in
the nanomolar range under basal conditions. In case of
metabolic stress, adenosine concentrations rise sharply and
may reach up to 50 pM [1-3] to allow subsequent modu-
lation of energy demand/supply balance [4]. Biochemical
and pharmacological studies have revealed the existence of
at least four types of specific receptors for adenosine [5].
Among the different subtypes, the A; receptors are the
most widely distributed in the brain and have been mainly
implicated in the neuromodulatory properties of the nucle-
oside. Through their coupling to G;-proteins, adenosine A,
receptors inhibit adenylate cyclase activity and calcium
permeability, and also stimulate the formation of inositol-
triphosphate and increase potassium conductance in neural

cells [5, 6].

* Corresponding author: Jean-Luc Daval, Ph.D., INSERM U.272, 24-30
rue Lionnois, B.P. 3069, 54013 Nancy Cédex, France. TEL. (33)
3.83.37.35.59; FAX: (33) 3.83.32.43.40; E-mail: jldaval@u272.nancy.
inserm.fr

Received 18 February 1997; accepted 27 June 1997.

Apart from detailed investigations of second messenger
pathways associated to adenosine receptors as well as
extensive studies on adenosine capacity to regulate brain
cell excitability [see for review 7-9], little is known about
the intracellular events that mediate the physiological and
biochemical neuronal responses to adenosine. In this re-
spect, the specific effects of the nucleoside on critical
mechanisms supporting neuronal functions such as energy
metabolism or macromolecule biosynthesis are poorly
known. Moreover, due to the existence of many cellular
phenotypes in the brain which possess adenosine receptors,
the interpretation of in vivo studies is somewhat difficult.
Consequently, there is a growing interest in the develop-
ment of simple model systems enabling a detailed analysis
of neurochemical and molecular cell responses elicited by
adenosine and related compounds, and cultured central
neurons appear as a useful tool for such studies [10].

Previous investigations have shown the expression of
adenosine A, receptors in cultured central neurons and
their coupling to G proteins [11, 12]. The present work was
performed to determine whether activation or blockade of
adenosine A, receptors by specific ligands can modulate
cell energy metabolism and RNA and protein biosynthesis
in primary culture of central neurons.
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MATERIALS AND METHODS
Animals

Sprague—Dawley female rats (R. Janvier, Le Genest-St-Isle,
France) when in the proestrous period, as shown by the
observations of daily vaginal smears, were housed together
with a male for 24 hr. They were then separated during
their pregnancy and maintained under standard laboratory
conditions on a 12:12 light/dark cycle (lights on at 0600)
with food and water available ad lib. All animal experimen-
tation was carried out with the highest standards of animal
care, according to the “N.I.H. Guide for Care and Use of
Laboratory Animals.”

Cell Cultures

Neuronal cell cultures were obtained from 14-day-old rat
embryo forebrains. Pregnant female rats were anaesthetized
with halothane, and living embryos were excised by cae-
sarian section under sterile conditions. Whole embryos
were placed in culture medium previously equilibrated at
37°C, and forebrains were carefully collected. Neuronal cell
suspensions were then obtained as previously described
[12]. Brain tissues were dissected free of meninges and
gently dispersed in a mixture of Dulbecco modified Eagle’s
medium (DMEM)+ and Ham’s F12 medium (50/50, ICN
Pharmaceuticals) supplemented with 5% inactivated fetal
calf serum (Gibco-BRL). After centrifugation at 700 X g
for 10 min, the pellet was redispersed in the same medium
and passed through a 46 pm-pore size nylon mesh. Density
of the cell suspension was measured, and aliquots were
transferred into 35 mm Petri dishes (Falcon, Becton Dick-
inson) precoated with poly-L-lysine in order to obtain a
final density of 10° cells/dish. Cultures were then placed at
37°C in a humidified atmosphere of 95% air/5% CO,. The
following day, the culture medium was removed by aspira-
tion and then replaced with a fresh hormonally defined
serum-free medium consisting of the DMEM/Ham’s F12
mixture enriched with human transferrin (1 mM), insulin
(1 mM), putrescine (0.1 mM), progesterone (10 nM),
estradiol (1 pM), sodium selenite (30 nM), and also
containing fibroblast growth factor (2 ng/mL) and epider-
mal growth factor (10 ng/mL) (Sigma Chemical Co.). After
two additional days, the culture medium was renewed with
serum-free medium in the absence of growth factors.

Pharmacological Treatments with Adenosine Analogues

2-chloro-N°-cyclopentyladenosine (CCPA) and 8-cyclo-
pentyltheophylline (CPT, RBI) were used as selective
agonist and antagonist of the A; adenosine receptor,
respectively. Six-day-old cultures were transferred to 1.5
mL of serum-free medium containing one adenosine com-

t Abbreviations: CCPA, 2-chloro-N®-cyclopentyladenosine; CPT, 8-
cyclopentyltheophylline; DMEM, Dulbecco modified Eagle’s medium;
PHI2DG, 2-D-PPH]deoxyglucose; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide; TCA, trichloroacetic acid.
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pound at various concentrations ranging from 10 nM to 100
M. Cell exposure to the drug was carried out for increasing
times, from 1 to 72 hr, under standardized conditions.

Cell Morphology and Viability

Cell morphology was routinely assessed by phase-contrast
microscopic observations by means of a Nikon Diaphot
TMD. Cell viability was assessed by a spectrophotometric
method using the tetrazolium salt MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma), ac-
cording to Carmichael et al. [13]. Neurons were incubated
at 37°C for 2 hr with MTT (500 wg/mL medium), washed
twice with ice-cold buffer, and lysed in DMSQO. Optical
density corresponding to the converted dye was measured at
519 nm and finally expressed as a percentage of controls.

Cyclic AMP Assay

Cells were washed twice with serum-free DMEM buffered
to pH 7.6 with 2.5 mM HEPES. Cultures were then
incubated for 40 min at 37° in 1.5 mL of HEPES-buffered
DMEM containing the phosphodiesterase inhibitor Ro
20-1724 (0.7 mM, Sigma) and adenosine deaminase (1.5
units/mL, type VII, Sigma). The adenosine A, receptor
agonist CCPA was added 20 min after the incubation was
initiated. The inhibitory effect of CCPA was measured in
cells stimulated by 10 uM forskolin which was added 10
min later. The incubation was terminated by quickly
removing medium. Cells were rinsed twice with ice-cold
ethanol, and ethanol extracts were lyophilised for the
measurement of cyclic AMP in duplicate by a competitive
protein binding assay adapted from Nordstedt and Fred-
holm [14]. Neuronal cells remaining on the bottom of the
culture dish were solubilized in 1 M NaOH and then
processed for protein determination according to Bradford

[15].

2-D-[?H]deoxyglucose Uptake

Neuronal energy metabolism was analysed in treated and
control cultures by measuring the specific uptake of 2-D-
[PH]deoxyglucose ([’H]2DG), as previously described [16].
The culture dishes were washed twice in a HEPES-buffered
Krebs—Ringer solution (125 mM NaCl, 4.8 mM KClI, 1.2
mM MgSO,, 1.3 mM CaCl,, 1.2 mM KH,PO,, 25 mM
HEPES, pH 7.4) and incubated in 2 mL of the Krebs-Ringer
medium for 15 min at 37°C. The medium was then
discarded and the assay was initiated by adding 1.5 mL of
the buffer solution containing 1 mM [PH]2DG (specific
activity: 969.4 GBgq/mmol, New England Nuclear). After a
30-min incubation, the radioactive medium was quickly
removed and the cultures were rapidly washed three times
with physiological saline. After drying, the cells were
solubilized in 1 mL of 1 M NaOH, and samples were taken
for scintillation counting (Beckman scintillation spectrom-
eter, model LS-1801). Nonspecific uptake of [’H]2DG was
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assessed by measuring the residual radioactivity in the
cultured cells by the same experimental procedure per-
formed in the additional presence of 100 mM D-glucose.

[?H]Uridine and [>H]leucine Incorporation

RNA synthesis was achieved by measuring the incorpora-
tion of radiolabeled uridine during exposure to one of the
tested adenosinergic compounds. The cells were incubated
in serum-free medium containing [’H]uridine (0.5 wCi/mL;
specific activity: 0.96 TBg/mmol, New England Nuclear).
At the end of exposure, [H]uridine incorporation was
assessed into acid-soluble and acid-insoluble cell fractions.
Cultures were washed twice with ice-cold 0.9% NaCl and
treated for 20 min with 10% trichloroacetic acid (TCA) at
4°. TCA-soluble radioactivity was then collected, and the
cells were washed twice with 0.5 mL of cold ethanol that
was then evaporated under air stream. The TCA-insoluble
fraction remaining in the culture dish was solubilized in 1
mL of 1 M NaOH. Samples were taken from both TCA-
soluble and -insoluble pools for radioactivity determina-
tion, and aliquots from the TCA-insoluble fraction were
used for protein measurement. L-[’H]leucine (0.5 pCi/mL;
specific activity: 1.924 TBq/mmol, New England Nuclear)
was used for the analysis of protein synthesis, and its
incorporation was assessed according to the same procedure
as for uridine.

Total RNA Isolation and Quantification

In order to correlate changes in uridine incorporation
following the pharmacological treatments with alterations
of RNA synthesis in cultured neurons, total RNA was
isolated from neuronal cells by a modification of the
single-step acid guanidinium thiocyanate/phenol/chloro-
form extraction procedure described by Chomeczynski and
Sacchi [17]. The concentration of total RNA was subse-
quently determined in dilution samples by measuring their
optical density at 260 nm.

[PH]2DG, [*H]uridine and [*H]leucine Transport

These experiments, designed to evaluate the effects of
CCPA and CPT on transport of the different tracers, were
performed essentially like those for PH]2DG uptake and
[PH]uridine incorporation, except that the incubation time
in the presence of increasing concentrations of the phar-
macological compound was fixed at 6 min, a time that
allows linear uptake of the tracer within the cells without
significant incorporation into the acid-insoluble pool [18,

19].

Data Analysis

Raw data of [’H]2DG uptake, [’H]uridine and [’H]leucine
incorporation in treated neurons were reported per milli-
gram of protein and compared with controls by means of
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global analysis of variance followed by Dunnett’s test for
multiple comparisons [20].

RESULTS
Cell Morphology, Viability and Purity

Six-day-old cultures grown in serum-free medium on a
poly-lysine substratum showed a very high percent (more
than 97%) of living cells, as demonstrated by Trypan blue
exclusion, with very few (<7%) nonneuronal elements, as
shown in preliminary immunocytochemical characteriza-
tion using tetanus toxin binding [21], D2 protein antiserum
[22], and neuron-specific enolase antiserum [23]. The cul-
tures exhibited polygonal perikarya interconnected by a
complex fiber network, whereas some distinct cellular
clumps could be observed.

No morphological effects of treatments with CCPA or
CPT were observed in cultured neurons after 1-72 hr of
exposure at all drug concentrations tested. Cell viability, as
reflected by the concentration of converted tetrazolium
salt, was not altered following drug treatments, except in
the presence of 100 uM CPT for 72 hr, where the neuron
viability decreased significantly by 19.7% (n = 10) as
compared to sister control cells.

Modulation of Adenylate Cyclase Activity

At the end of the 40-min incubation of the cultured cells in
the presence of the phosphodiesterase inhibitor and aden-
osine deaminase, basal levels of cyclic AMP were found to
be 2.9 = 0.5 nM (24.5 = 5.4 pmol/mg protein) in control
neurons. Following stimulation of cyclic AMP production
by the addition of 10 wM forskolin, the cells generated
cyclic AMP up to 194.8 = 15.6 nM (2350.5 = 193.1
pmol/mg protein). As shown in Fig. 1, incubation of
forskolin-stimulated neurons with increasing concentra-
tions of CCPA led to the inhibition of cyclic AMP
accumulation. Maximum reduction of cyclic AMP levels
was obtained with 100 nM CCPA, with a calculated 1cs
value of 0.9 nM.

2-D-[?H]deoxyglucose Specific Uptake

Figure 2 shows that CCPA significantly increased [’'H]2DG
specific uptake in a concentration-dependent manner be-
tween 2 and 8 hr of cell exposure to the receptor agonist.
CCPA -induced increase peaked after cell treatment for 8 hr
with 100 pM CCPA (+16%, P < 0.01), while agonist
concentrations below 10 wM had no significant effects.
Likewise, 100 uM CPT increased [*H]2DG uptake signifi-
cantly up to 24 hr of treatment (Fig. 3).

[PH]uridine Incorporation

The A, agonist CCPA had similar inhibitory effects on
[PH]uridine incorporation into TCA-insoluble fraction
(Fig. 4) and TCA-soluble pool (not shown). These effects
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FIG. 1. Influence of CCPA on 10 uM forskolin-induced cyclic
AMP formation in cultured neurons. Means = SEM are ex-
pressed in nM (O) and in pmol/mg protein (®) and were
obtained from three separate experiments conducted in duplicate
in the presence of increasing concentrations of CCPA. Basal
levels of cyclic AMP were 2.9 = 0.5 nM (24.5 £ 5.4 pmol/mg
protein). Statistically significant difference from controls:
##P < 0.01 (Dunnett’s test for multiple comparisons).

were strongly dependent on the drug concentration,
PHJuridine incorporation being almost completely inhib-
ited after a 3-h exposure to 100 wM CCPA. The inhibitory
effects decreased with time of exposure to the agonist, but
PH]uridine incorporation with 100 pM CCPA always
remained significantly reduced as compared to controls
(P < 0.01). [PH]uridine incorporation was never signifi-
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FIG. 2. Time-course of the effects of increasing concentrations
of CCPA on a 30-min uptake of [*H]2-D-deoxyglucose by
cultured neurons. Data are means += SEM obtained from 9-25
dishes issued from at least three separate experiments. In control
neurons, [°H]2-D-deoxyglucose uptake was 102.1 = 4.7
nmol/mg protein. Statistically significant difference from con-
trols: *P < 0.05 and **P < 0.01 (Dunnett’s test for multiple
comparisons).
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FIG. 3. Time-course of the effects of increasing concentrations
of CPT on a 30-min uptake of [*H]2-D-deoxyglucose by
cultured neurons. Data are means = SEM obtained from 9-25
dishes issued from at least three separate experiments. Statisti-
cally significant difference from controls: **P < 0.01 (Dun-
nett’s test for multiple comparisons).

cantly altered by CCPA concentrations below 1 M,
whereas 1 pM CCPA was only effective at 3 hr.

The A, antagonist CPT also reduced RNA synthesis
(Fig. 5). Such an effect was found only at the highest
concentrations used (10-100 uM). The decrease in
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FIG. 4. Time-course of the effects of increasing concentrations
of CCPA on [H]uridine incorporation into the acid-insoluble
fraction of cultured neurons. Data are means = SEM obtained
from 9-40 dishes issued from at least three separate experi-
ments. In control neurons, [°H]uridine incorporation was
7744 = 531 dpm/100 pg protein at 3 hr, and then increased
with time. Statistically significant difference from controls:
##P < 0.01 (Dunnett’s test for multiple comparisons).
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FIG. 5. Time-course of the effects of increasing concentrations
of CPT on [’Hluridine incorporation into the acid-insoluble
fraction of cultured neurons. Data are means = SEM obtained
from 9-40 dishes issued from at least three separate experi-
ments. Statistically significant difference from controls: **P <
0.01 (Dunnett’s test for multiple comparisons).

[PH]uridine incorporation induced by 100 uM CPT re-
mained basically similar with time and as for CCPA, lasted
up to 72 hr of exposure. After 24 and 72 hr of treatment,
incorporation rates were significantly below control values
(P < 0.01) when cells were treated with 10 uM CPT.
Uridine incorporation in the TCA-soluble fraction showed
a similar profile to that observed in the TCA-insoluble
fraction (data not shown).

Total RNA Concentrations

Total RNA levels were measured in four separate experiments
to test the consequences of a 24-hr cell exposure to CCPA or
CPT at two different concentrations (10 and 100 uM). For
technical convenience, RNA amounts were quantified in
pools of 6 culture dishes. In control neuronal cell cultures,
RNA content was found to be 80.7 * 4.4 ug/6 dishes.

Cell treatment with 10 uM CCPA for 24 hr significantly
reduced RNA concentrations by 19.3% (65.1 = 4.2 pg,
P < 0.05), while 100 puM CCPA decreased total RNA by
36.4% (51.3 = 3.9 pg, P < 0.01).

After 24 hr of treatment by the receptor antagonist CPT,
total amounts of RNA were not affected significantly,
although a 11.2% decrease was measured at the highest
concentration tested.

[PH]leucine Incorporation

The A, agonist CCPA did not significantly modify
[PH]leucine incorporation in either the acid-insoluble or
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FIG. 6. Time-course of the effects of increasing concentrations
of CPT on [’H]leucine incorporation into the acid-insoluble
fraction of cultured neurons. Data are means = SEM obtained
from 12-25 dishes issued from at least four separate experi-
ments. In control neurons, [*HJleucine incorporation was
1364 = 99 dpm/100 pg protein at 3 hr, and then increased
with time. Statistically significant difference from controls:
*P < 0.05 and **P < 0.01 (Dunnett’s test for multiple
comparisons).

the acid-soluble fraction, whatever the drug concentration
and the duration of exposure (data not shown).

As shown in Fig. 6, the A, antagonist CPT (10-100
uM) significantly inhibited [’H]leucine incorporation
when cells were exposed to the drug for up to 6 hr. Protein
synthesis remained different from controls even after 72 hr
of treatment at the highest concentration used (—10%,
P < 0.01). Concentrations of CPT below 10 wM had no
effects.

Effects of A; Ligands on the Transport of Tracers

Influence of both ligands on [PH]2DG transport is pre-
sented in Fig. 7. Transport was measured during 6-min
incubation experiments in the presence of increasing con-
centrations of CCPA or CPT. CCPA inhibited PH]2DG
transport with a calculated 1Csq value of 180 uM, while
CPT was less potent in reducing the glucose analogue
transport (IC,o = 200 uM).

The A, agonist inhibited [’H]uridine transport in a clear
concentration-dependent manner with an 1C55 of 4 pM
(Fig. 8), while the antagonist was less effective (1c5o = 200
wm).

Neither receptor ligand had any effects on [H]leucine
transport in cultured neurons, even when they were tested
at 1 mM (data not shown).
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FIG. 7. Effects of CCPA (O) or CPT (m) on [°?H]2-D-deoxy-
glucose transport into cultured neurons. Specific transport was
measured at the end of a 6-min incubation of the cells with the
radiolabeled tracer and in the presence of increasing concentra-
tions of the tested compound. Data were obtained from at least
three separate experiments conducted in duplicate.

DISCUSSION

The present study demonstrates that whereas adenosine A,
receptors are able to mediate the regulation of cyclic AMP
production in cultured rat central neurons, alterations in
neuronal energy metabolism and biosynthetic activities can
be observed in the presence of their selective agonist or
antagonist, and such changes mostly reflect interactions of
the adenosinergic ligands with glucose and nucleoside
transporters.
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FIG. 8. Effects of CCPA (O) and CPT (m) on [>H]uridine

transport into cultured neurons. Specific transport was mea-
sured at the end of a 6-min incubation of the cells with the
radiolabeled tracer and in the presence of increasing concentra-
tions of the tested compound. Data were obtained from at least
three separate experiments conducted in duplicate.
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Evidence has been provided that adenosine is a major
modulator of neuronal activity [6, 24]. The mechanisms
underlying these properties are thought to be, at least
partly, dependent on changes in adenylate cyclase activity,
and thus in the intracellular concentration of the second
messenger cyclic AMP. However, many aspects of the
physiological and biochemical effects of adenosine, specif-
ically on neurons, are still uncertain. Since cerebral aden-
osine receptors are largely expressed by different brain cell
types [25, 26], cultured forebrain neurons were chosen to
study the neurochemical consequences of A; receptor
activation. This model exhibits a high degree of neuronal
purity and viability, and neurons have been shown to
express adenosine A; receptors which have been fully
characterized [11, 12]. Using binding techniques, it has
been demonstrated that A, receptors specifically bind
CCPA with an affinity constant in the low nanomolar
range, and that the receptors are tightly coupled to their G
proteins [12]. Inhibition of forskolin-stimulated cyclic
AMP production by CCPA with a low nanomolar 1Cs
value indicates that adenosine A, receptors are capable of
modulating adenylate cyclase activity in cultured central
neurons via their inhibitory G proteins, showing that in
this culture model, adenosine A receptors are functionally
linked to their main effector system. Such results are
consistent with previously reported studies using mixed cell
cultures as well as less selective A agonists [27].

Effects of CCPA and CPT on Energy Metabolism and

Macromolecular Biosynthesis

Energy metabolism is a critical process for neural activity
and cell survival, especially in situations when substrate
availability is reduced. In vivo studies have reported con-
tradictory data, with either decreases or increases in brain
local metabolic rates following administration of A; ago-
nists, possibly due to the inability of some adenosinergic
compounds to cross the blood-brain barrier and reach their
receptors [see 24]. In cultured neurons, the A, agonist
CCPA, at concentrations of 10—-100 wM, increases cellular
metabolism as a function of time, but remains without
effect at concentrations below 10 wM. Such results are in
good accordance with those previously described both in
vivo [28] and in witro [29]. Indeed, CCPA injected intrave-
nously in rats at low concentration (0.01 mg/kg) has no
effect on glucose metabolism in forebrain areas, but is able
to slightly modify local energy metabolism in other selec-
tive regions of the brain [28]. Similarly, N°-cyclohexylad-
enosine, another selective adenosine A receptor agonist,
has no significant effect on neuronal energy metabolism
when used at the concentration of 1 wM in cultured
neurons maintained under physiological conditions [29].
Interestingly, the A, antagonist CPT displays similar
basic effects to those of CCPA on cell energy metabolism,
with no influence at concentrations = 10 wM. In agree-
ment with these observations, low concentrations of an-
other selective adenosine A receptor antagonist, 8-cyclo-
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pentyl-1,3-dipropylxanthine, are also devoid of effects on
cerebral metabolism in forebrain structures in vivo [28].

To our knowledge, there are no specific data on the
effects of adenosine receptor ligands on RNA and protein
biosynthesis, neither in wvitro nor in vivo. Other pharmaco-
logical compounds that also modify neuronal activity, such
as diazepam or phenobarbital, have been shown to alter
protein and RNA synthesis in neuronal cultures [16]. In the
present study, both the agonist CCPA and the antagonist
CPT inhibit [’H]uridine incorporation into the neurons,
suggesting that these effects would not be a direct conse-
quence of adenosine A; receptor activation or blockade.
Such an inhibition is pronounced, rapid, dependent on the
ligand concentration and leads, at least for CCPA, to
parallel changes in total RNA contents in the cultured
cells. Furthermore, ligand-induced alterations of uridine
incorporation show similar profiles in the two cellular pools
(acid-soluble and -insoluble). In contrast with the strong
effects observed on [*H]uridine incorporation, CCPA is
without effects on [’H]leucine incorporation, while 10—100
uM CPT inhibits [’H]leucine incorporation only by 5-
10%.

Taken together, these results indicate that in our model,
A, receptor activation or blockade does not display signif-
icant effects on neuronal energy metabolism for agonist or
antagonist concentrations, which are three orders of mag-
nitude above their known affinity for the receptor [5, 11,
12]. They only affect metabolism at quite high concentra-
tions, and the basically similar effects of both A; agonist
and antagonist under these concentration conditions could
not be attributed to their functional interactions with A,
receptors. Indeed, the receptor agonist and antagonist
never had opposite actions on [PH]2DG uptake, as would
have been expected. Similar conclusions can be drawn
regarding the influence of both ligands on [*H]uridine
incorporation. It was thus postulated that both A ligands
interact with specific transporter systems.

Effects of CCPA and CPT on the Transport of Tracers

To test the above hypothesis, the duration of the incuba-
tion with the radiolabeled tracers was reduced to 6 min, a
time short enough for [’H]2DG, [’H]uridine or [’H]leucine
not to be incorporated into the acid-insoluble fraction, but
long enough for the radiolabeled compound to penetrate
the cells. Under these conditions, the tracer accumulation
in the neurons is linear with time, and only reflects
transport within the cells [18, 30, 31].

The A, agonist CCPA inhibits [’H]2DG transport with
a micromolar 1C5, while CPT displays inhibitory properties
at rather higher concentrations. Assuming that in neuronal
cells, decrease in glucose availability regulates glucose
transport by increasing the rate of synthesis of the trans-
porters [31], the late increase in PH]2DG uptake observed
in our study suggests a parallel increase in the number of
newly synthesized glucose transporters in response to the
sustained inhibition of glucose uptake by CCPA and CPT.
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However, this explanation needs to be confirmed by study-
ing the actual number of glucose transporters. Previous
studies have shown that when used at high concentrations,
adenosine itself and theophylline, a nonspecific adenosine
receptor antagonist, competitively inhibit glucose transport
[19, 30].

Both CCPA and CPT at micromolar concentrations also
inhibit [*H]uridine transport. Other A, receptor ligands
have already been reported as inhibitors of nucleoside
transporters [30, 32-36]. It would thus appear that com-
pounds inhibiting nucleoside transporters also have the
capacity to inhibit glucose transporters. This would be the
case for adenosine [19], dipyridamole [37, 38] and theoph-
ylline [30], and these observations need to be taken into
consideration when interpreting pharmacological effects of
adenosine A; receptor ligands at rather high concentra-
tions. However, it should be noted that while both ligands
do affect uridine transport into the neurons, it appears that
CCPA is much more effective at lower concentrations than
CPT.

The antagonist CPT, up to 1 mM, has no effects on
[PH]leucine transport, but does exhibit significant inhibi-
tory effects on [H]leucine incorporation at the highest
concentrations tested (10-100 wM). This inhibition can-
not be explained by a direct interaction with amino acid
transporters. Assuming that CPT has a relative liposolubil-
ity and a nonpolar structure [39], it is conceivable that at
high concentrations, CPT could interact with membrane
fluidity and thus disturb carrier function.

Physiological and Pathological Relevance

This study shows that A; receptor ligands have no signifi-
cant effects on neuronal energy metabolism nor on RNA
and protein biosynthesis when they are used at concentra-
tions relatively close to their respective affinity-constant for
the receptor (<100 nM). When adenosinergic compounds
are used at higher concentrations (=1 M), the inhibition
of the transport of tracers suggests that while adenosine A
receptors may not be directly involved in the regulation of
neuronal metabolism and macromolecular biosynthesis,
their ligands may be potent inhibitors of the neuronal
glucose and nucleoside carriers. Such results would imply
that adenosine itself likely does not influence these pro-
cesses under physiological conditions, since its cerebral
concentrations normally remain between 30 and 300 nM
[8]. However, it has been repeatedly shown that when ATP
stores are highly catabolized during metabolically stressful
situations such as hypoxia/ischemia or seizures, extracellu-
lar amounts of adenosine increase dramatically as the
generated nucleoside escapes from the cells [1-3, 40].
Under these conditions, adenosine levels are high enough
to interact with glucose and nucleoside transport and thus
to affect energy metabolism and biosynthetic activities.
This phenomenon may be of critical importance, especially
in relation to the hypoxia/ischemia-induced expression of
specific proteins encoded by putative “neuronal death
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genes” [41, 42] and also to the specific changes in neuronal
metabolism associated with cell damage after severe hyp-
oxia [29]. In this respect, some of the observations described
in the present study may be related to previously reported
work regarding the modulatory role of adenosine in myo-
cardial tolerance to ischemia [43, 44]. In isolated perfused
rat heart preparations, adenosine infusion resulted in a
dose-dependent increase in glucose uptake in the ischemic
myocardium, in a manner similar to that seen with insulin.
Such an A, receptor-mediated mechanism may participate
in cardioprotection.
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Recherche Médicale, and by a grant from the European Economic
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