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Caffeine and adenosine A2a receptor antagonists prevent β-amyloid
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Abstract
Consumption of caffeine, an adenosine receptor antagonist, was found to be inversely associated with the incidence of Alzheimer's disease.
Moreover, caffeine protects cultured neurons against β-amyloid-induced toxicity, an effect mimicked by adenosine A2A but not A1 receptor
antagonists. We now tested if caffeine administration would prevent β-amyloid-induced cognitive impairment in mice and if this was mimicked by
A2A receptor blockade. One week after icv administration of the 25–35 fragment of β-amyloid (Aβ, 3 nmol), mice displayed impaired
performance in both inhibitory avoidance and spontaneous alternation tests. Prolonged treatment with caffeine (1 mg/ml) had no effect alone but
prevented the Aβ-induced cognitive impairment in both tasks when associated with acute caffeine (30 mg/kg) 30 min treatment before Aβ
administration. The same protective effect was observed after subchronic (4 days) treatment with daily injections of either caffeine (30 mg/kg) or
the selective adenosine A2A receptor antagonist SCH58261 (0.5 mg/kg). This provides the first direct in vivo evidence that caffeine and A2A
receptor antagonists afford a protection against Aβ-induced amnesia, which prompts their interest for managing Alzheimer's disease.
© 2006 Elsevier Inc. All rights reserved.
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Introduction
Caffeine, the most widely consumed psychoactive drug,
acts as an adenosine receptor antagonist at non-toxic doses
(Fredholm et al., 1999). Some of the most evident effects of
caffeine, such as its psychomotor effects (e.g. Svenningsson
et al., 1997) or its memory enhancing effects (e.g. Prediger
et al., 2005), are now recognized to be due to the ability of
caffeine to antagonize adenosine A2A receptors. Interestingly,
the blockade of A2A receptors has consistently been found
to afford neuroprotection against different brain insults, an
effect mimicked by caffeine (reviewed in Cunha, 2005). In
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particular, caffeine consumption has been found to be
inversely correlated with the incidence of Alzheimer's
disease (AD) (Maia and de Mendonça, 2002). This is in
agreement with our findings showing that caffeine and
selective A2A receptor antagonists afford a robust protection
against β-amyloid peptide (Aβ) toxicity in cerebellar neuron
cultures (Dall'Igna et al., 2003). In fact, soluble forms of
Aβ are considered the most likely culprit for the early
development of AD (Hardy and Selkoe, 2002). Accordingly,
cerebral microinjection of Aβ causes amnesia and is
considered a suitable animal model to test new protective
strategies eventually relevant to manage the early phases of
AD (Harkany et al., 1999). Thus, we now used an in vivo
model of centrally administered Aβ in mice to test if acute
and/or more prolonged treatment with caffeine or an A2A
receptor antagonist could prevent the Aβ-induced cognitive
deficit in inhibitory avoidance and spontaneous alternation
tasks.
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Materials and methods
Animals
Experiments were performed with male adult mice (CF1
strain) maintained in our own animal facilities under controlled
environment (23 ± 2°C, 12 h-light/dark cycle, free access to
food and water) until 3–4 months old (35–45 g). All behavioral
experiments were conducted between 10:00 a.m. and 2:00 p.m.
Drugs and administration procedures
The β-amyloid (25–35) peptide fragment (Aβ) was
dissolved in bidistilled water at a concentration of 2 mg/ml
and stored at − 20°C until use. Aβ (1 mg/ml) was then incubated
for 4 days at 37°C to allow the formation of birefringent fibrillike structures (Maurice et al., 1996) before intracerebroventricular (icv) administration. Mice were anesthetized with
60 mg/kg of thiopental and placed in a stereotaxic frame. A
28-gauge 5 mm-long stainless-steel needle was inserted
unilaterally 1 mm lateral to bregma, 1 mm posterior and
2.5 mm deep from the pial surface (Paxinos and Franklin,
2001). Aβ or vehicle (3 μl) was delivered gradually within
approximately 10 s. Correct icv administration was confirmed
in preliminary experiments by injecting methylene blue into
mice lateral ventricles. Control animals were injected icv with
the same amount of distilled water (3 μl).
Caffeine treatment consisted of either acute, subchronic,
more prolonged or combined prolonged and acute treatments.
Acute treatment was a single intraperitoneal (ip) administration
of caffeine at the doses of 30 or 80 mg/kg (10 ml/kg, dissolved in
saline), 30 min before Aβ administration. The dose of 30 mg/kg,
corresponding to the equivalent of 4–6 cups of coffee in humans,
causes the maximal behavior effects in rodents (Fredholm et al.,
1999), whereas the dose of 80 mg/kg is still below toxic dosage
and is associated with higher antagonism of adenosine A2A
receptors (Quarta et al., 2004; Solinas et al., 2002). Prolonged
caffeine treatment was achieved as previously described
(Ciruela et al., 2006; Quarta et al., 2004) by supplying caffeine
(1 mg/ml) through the drinking solution for 12 days, with Aβ
administration on day 7. The combined prolonged and acute
treatments consisted of 12 days of free access to the caffeine
(1 mg/ml) drinking solution for 12 days and administration of
caffeine (30 mg/kg) 30 min before Aβ administration. This takes
advantage of the ability of prolonged caffeine treatment to
desensitize A1 receptor-mediated responses while increasing the
ability of caffeine to block A2A receptors (Karcz-Kubicha et al.,
2003; Quarta et al., 2004). Subchronic caffeine treatment
consisted in a daily administration of caffeine (30 mg/kg, ip)
from 2 days before until 1 day after Aβ administration (4 days).
The A2A receptor antagonist SCH58261 (0.5 mg/kg) was
administered subchronically as described for caffeine, i.e. it
was administered ip daily from 2 days before until 1 day after Aβ
administration (4 days). The dose of SCH58261 used is within
the range of doses peripherally administered that have been
shown to afford neuroprotection against different brain insults in
vivo (consult Cunha, 2005).

In all experiments, we included four groups of animals: (1)
control (sham-operated and water/saline treated); (2) Aβtreated (icv injection of Aβ and water/saline treated); (3) Aβtreated together with the different treatments with caffeine or
SCH58261; (4) sham-operated and treated with caffeine or
SCH58261. As the combination of prolonged and acute
caffeine treatment failed to affect cognitive performance in
control mice, we did not test the individual effects of only
prolonged or only acute caffeine treatments in control mice.
Furthermore, using the same protocol of Aβ injection, we
have shown that locomotion was not altered (Dall'Igna et al.,
2004), so we have not shown these control data again.
Locomotion is also not expected to change due to caffeine or
SCH58261 treatment as they were administered only around
the time of Aβ injection, but not when behavioral tests were
performed (i.e. at least 3 days after the last administration of
adenosine receptor antagonists).
Inhibitory avoidance
The inhibitory avoidance is a classical test; mice are
shocked when leaving a platform in a training session making
them more prone to remain in the platform during a
subsequent test session. We have previously used this test
to monitor aversive memory in rodents (de Oliveira et al.,
2005; Kazlauckas et al., 2005). Mice performance in the stepdown inhibitory avoidance was examined 9 days after Aβ
administration. The training apparatus is a 50 × 25 × 25 cm
plastic box with a 2-cm-high, 4 × 6-cm-wide platform at the
box center. The floor of the apparatus was made of parallel
0.1-cm caliber stainless steel bars spaced 1.0 cm apart. In the
training session, the mouse was placed on the platform and
latency to step-down the four paws on the grid was measured;
upon stepping down, the mouse received a 2 s intermittent
foot shock (three 0.5 s shocks, 0.2 mA, with a 0.25 s interval
between them). Mice step-down latency was measured in a
test session 24 h after training (equal to training session
except for the absence of shock), keeping a ceiling time of
180 s.
Spontaneous alternation
The Y-maze is an ancillary behavioral test that allows
evaluating cognitive searching behavior, although it obviously
does not allow isolating memory performance (reviewed in
Hughes, 2004). This test evaluates the searching behavior of
animals rated as their spontaneous alternation in a Y-maze
composed of 3 arms (each with 30 cm long, 20 cm height and
6 cm wide) converging to an equal angle. Eight days after
distilled water or Aβ icv administration, each mouse was placed
at the end of one arm and allowed to freely move through the
maze during 8 min. The series of arm entries was recorded
visually. An alternation was defined as entries in all three arms
on consecutive occasions. The percentage of alternation was
calculated as total of alternations / (total arm entries − 2),
according to Maurice et al. (1996). Evaluation was performed
under blind conditions to different treatments.
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Results
As previously reported (Maurice et al., 1996), central
administration of β-amyloid (25–35) peptide (Aβ) caused an
impairment of mice performance in both inhibitory avoidance
(Fig. 1a) and spontaneous alternation tasks (Fig. 1b). Acute
administration (ip, 30 min before Aβ administration) of caffeine
at the dose of 80 mg/kg completely prevented the Aβ-induced
amnesic effects in both tasks, whereas the dose of 30 mg/kg was
devoid of effects (Fig. 1). Since acute administration of caffeine
(up to 50 mg/kg) mostly acts by antagonism of A1 receptors
whereas higher, but still non-toxic doses (< 100 mg/kg, see
Fredholm et al., 1999), of caffeine applied acutely favor A2A
receptor antagonism (Karcz-Kubicha et al., 2003; Quarta et al.,
2004; Solinas et al., 2002), these results suggest a preferential

Fig. 1. Caffeine prevents β-amyloid effects on (A) inhibitory avoidance and
(B) spontaneous alternation tasks. Mice were treated (3 nmol, icv) with βamyloid (25–35) fragment (+) or vehicle (−). Caffeine acute treatment
consisted of ip administration of doses of 0, 30 or 80 mg/kg, 30 min before βamyloid icv administration. Prolonged treatment (chronic) consisted of caffeine
administration in drinking water at a dose of 1 mg/ml for 6 days before until
6 days after β-amyloid administration. (A) Step-down latency is shown as
median ± interquartile range and analyzed by the Kruskal–Wallis nonparametric test, followed by Mann–Whitney test. No significant modification
of performance in the training trial was observed between any of the groups of
mice (not shown). (B) Spontaneous alternation is expressed as mean ± SEM
and analyzed by one-way ANOVA followed by Duncan post hoc test. Data are
n = 25–26 for control and amyloid-injected groups and n = 9–14 for other
groups. *p < 0.05 vs. control (sham operated). #p < 0.05 vs. β-amyloid.

Statistical analysis
Step-down latency is expressed as medians ± interquartile
ranges since, despite being a continuous variable, values
distribute in a non-normal pattern due to a fixed limit or cutoff time (ceiling time of 180 s). To determine differences among
the tested groups, step-down latency values were compared
using the Kruskal–Wallis non-parametric test followed by
Mann–Whitney test and Bonferroni correction for α value
adjustment. Spontaneous alternation values are presented as
mean ± SEM and were analyzed with one-way ANOVA
followed by Duncan's post hoc test. A value of p < 0.05 was
considered statistically significant.

Fig. 2. Subchronic treatments with caffeine or with the selective A2A receptor
antagonist SCH58261 prevent β-amyloid-induced impairment of spatial
memory performance. Mice were treated (3 nmol, icv) with β-amyloid (25–
35) fragment (+) or vehicle (−). Subchronic treatment with caffeine (30 mg/kg)
or SCH58261 (0.5 mg/kg) consisted of four daily ip injections from 2 days
before until 1 day after β-amyloid administration. (A) Step-down latency is
shown as median ± interquartile range and analyzed by the Kruskal–Wallis nonparametric test, followed by Mann–Whitney test. No significant modification of
performance in the training trial was observed between any of the groups of mice
(not shown). (B) Spontaneous alternation is expressed as mean ± SEM and
analyzed by one-way ANOVA followed by Duncan post hoc test. Data are
n = 25–26 for control and amyloid-injected groups and n = 9–14 for other
groups. *p < 0.05 vs. control (sham operated). #p < 0.05 vs. β-amyloid.
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role of A2A rather than A1 receptors in the prevention of Aβinduced cognitive dysfunction by caffeine.
Previous studies have established that the prolonged
treatment with caffeine (1 mg/ml–mean dose of 22 mg/kg/
day) leads to the development of tolerance to the behavioral
effects of A1, but not A2A, receptor blockade while increasing
the impact of A2A receptor blockade by caffeine (KarczKubicha et al., 2003; Solinas et al., 2002). We found that the
prolonged treatment with caffeine (1 mg/ml) was not able to
prevent Aβ-induced amnesic effects, but when it was
associated with the acute administration of caffeine (30 mg/
kg ip 30 min before Aβ administration), the Aβ-induced
amnesic effects were now abrogated (Fig. 1). This combination of prolonged (1 mg/ml) and acute (30 mg/kg, ip) caffeine
treatments had no effect on the performance of control mice
in both tasks (Fig. 1).
Again in an attempt to maximize the effects of caffeine on
A2A rather than A1 receptors, we decided to test a subchronic
treatment with a dose of caffeine of 30 mg/kg for 4 days. This
subchronic administration of caffeine abolished the Aβ-induced
amnesic effects (Fig. 2). To confirm the involvement of A2A
receptors in this protective effect of caffeine, we tested the effect
of a similar subchronic administration of a selective A2A
receptor antagonist, SCH58261. We found that the subchronic
treatment with SCH58261 (0.5 mg/kg for 4 days) completely
prevented the Aβ-induced amnesic effects (Fig. 2). Subchronic
treatment with SCH58261 had no effect on inhibitory avoidance
or spontaneous alternation performance in control mice.
Discussion
The present results demonstrate that the blockade of
adenosine A2A receptors prevents β-amyloid-induced impairment of cognitive performance in the inhibitory avoidance and
spontaneous alternation tasks, an effect mimicked by a
subchronic administration of the non-selective adenosine
receptor antagonist caffeine.
Current evidence favors the idea that soluble Aβ species play
a prominent role in the pathogenesis of Alzheimer's disease
(AD), a pathology that disrupts memory performance (reviewed
in Hardy and Selkoe, 2002; Klein et al., 2004). One avenue of
research hopefully allowing to interfere with AD is to seek for
strategies to counteract Aβ-induced neuronal failure (Coleman
et al., 2004; Hardy and Selkoe, 2002). This Aβ-induced
cognitive disruption may primarily result from a synaptic
dysfunction which then spreads to include a pattern of neuronal
death (reviewed in Coleman et al., 2004), and therefore
synaptically located modulatory systems may be particularly
effective to counteract the initial Aβ-induced cognitive
impairment. Accordingly, we now report that the blockade of
adenosine A2A receptors, which have a synaptic localization in
the hippocampus (Rebola et al., 2005), prevents β-amyloidinduced amnesia, extending our previous observation that A2A
receptor antagonists prevent β-amyloid-induced toxicity in
cultured neurons (Dall'Igna et al., 2003). This is in accordance
with the general ability of A2A receptor antagonists to afford
protection against different brain insults, in particular in animal

models of other neurodegenerative conditions, such as Parkinson's disease (reviewed in Cunha, 2005). Although the
mechanisms by which A2A receptors control the disruption of
brain function in these conditions are still unresolved (reviewed
in Cunha, 2005), it has been proposed that the A2A receptormediated control of neuroinflammation could play a role (Saura
et al., 2005) in accordance with the detection of A2A receptors in
microglia-like profiles in patients with AD (Angulo et al.,
2003).
We also found that the administration of the non-selective
adenosine receptor antagonist caffeine (see Fredholm et al.,
1999) also prevented β-amyloid-induced impairment in spatial
memory performance. This was observed upon acute administration of a dose of caffeine of 80 mg/kg, which enhances the
contribution of A2A receptor blockade (Quarta et al., 2004;
Solinas et al., 2002) but probably lacks the selectivity for
adenosine receptors since it begins affecting the activity of
phosphodiesterases (see Fredholm et al., 1999). However, the
neuroprotective effect was also observed by pairing prolonged
caffeine treatment with an acute administration of caffeine,
which causes a tolerance to the effects of A1 receptor blockade
while enhancing the behavioral effects resulting from A2A
receptor blockade (see Karcz-Kubicha et al., 2003; Quarta et al.,
2004). Finally, the parallel protective effects recorded upon
subchronic treatment with 30 mg/kg caffeine (corresponding to
4–6 cups of coffee in humans), which selectively antagonizes
adenosine receptors (Fredholm et al., 1999), and with
SCH58261 further strengthen the role of A2A receptors in the
control of Aβ-induced cognitive dysfunction. This is in
agreement with our previous findings that caffeine protection
against β-amyloid-induced neurotoxicity was mimicked by
selective A2A but not A1 receptor antagonists (Dall'Igna et al.,
2003). Interestingly, this protective effect seems not to undergo
tolerance as the combination of chronic and acute caffeine
treatments was more effective than each treatment alone, in
accordance with the lack of desensitization over time of the
neuroprotective effects of A2A receptor antagonists in animal
models of Parkinson's disease (Xu et al., 2002). Finally, the
present observation that caffeine prevented β-amyloid-induced
cognitive deficits corroborates the proposal that caffeine
consumption is a protective factor in AD (Maia and de
Mendonça, 2002) and bolsters the interest of A2A receptor
antagonists as candidate drugs to manage AD. Furthermore,
both caffeine (e.g. Angelucci et al., 1999; Johnson-Kozlow et
al., 2002) and selective A2A receptor antagonists (Kopf et al.,
1999; Prediger et al., 2005) improve mnemonic functions, an
effect most evident in aged subjects (e.g. Johnson-Kozlow et al.,
2002) or animals (Prediger et al., 2005) in accordance with the
age-related increase in the density of A2A receptors in cortical
regions (e.g. Rebola et al., 2003).
In conclusion, this reported ability of caffeine and A2A
receptor antagonists to prevent β-amyloid-induced cognitive
deficit provides the rationale to evaluate putative therapeutic
actions of caffeine and of A2A receptor antagonists in AD
patients, with the potential to provide not only symptomatic
improvement, but also a delay on cognitive decline and
neurodegenerative changes.
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