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Abstract

Caffeine is a bioactive compound worldwide consumed with effect into the brain. Part of its action in reducing incidence
or delaying Alzheimer’s and Parkinson’s diseases symptoms in human is credited to the adenosine receptors properties.
However, the impact of caffeine consumption during aging on survival of brain cells remains debatable. This work, we
investigated the effect of low-dose of caffeine on the ectonucleotidase activities, adenosine receptors content, and paying
particular attention to its pro-survival effect during aging. Male young adult and aged Swiss mice drank water or caffeine
(0.3 g/L) ad libitum for 4 weeks. The results showed that long-term caffeine treatment did not unchanged ATP, ADP or
AMP hydrolysis in hippocampus when compared to the mice drank water. Nevertheless, the ATP/ADP hydrolysis ratio was
higher in young adult (3:1) compared to the aged (1:1) animals regardless of treatment. The content of A1 receptors did not
change in any groups of mice, but the content of A2A receptors was reduced in hippocampus of mice that consumed caffeine.
Moreover, the cell viability results indicated that aged mice not only had increased pyknotic neurons in the hippocampus
but also had reduced damage after caffeine treatment. Overall, these findings indicate a potential neuroprotective effect of
caffeine during aging through the adenosinergic system.
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Introduction

Caffeine (1,3,7-trimethylxanthine) is the most consumed
psychoactive substance in the world. Its consumption causes
a diverse range of pharmacological effects that are time-
and concentration-dependent and reversible. The behavioral
effects are similar to those of classical psychostimulants,
such as amphetamine, mainly motor activation [1]. There
has been a growing interest in studying the neuroprotec-
tive effects of caffeine in rodent models of neurodegenera-
tive disorders, such as Parkinson’s disease [2], Alzheimer’s
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disease [3] and others including ischemic and hemorrhagic
brain injury [4].

There is evidence that the psychomotor stimulant actions
of caffeine are mediated by its antagonism at adenosine Al
and mainly A2A receptors [5]. Extracellular adenosine acts
through multiple G-protein-coupled receptors (adenosine
receptor subtypes Al, A2A, A2B and A3) to exert a variety
of physiological effects. The extracellular adenosine may
come from two distinct sources: (1) the release via bi-direc-
tional nucleoside transporter; and/or (2) degradation of ade-
nine nucleotides released by a chain of ectonucleotidases [6].

Nucleotides as ATP and ADP are extracellular signaling
substances present in nearly all tissues including brain that
are inactivated by hydrolysis catalyzed by ectonucleotidases
[7]. The most relevant ectoenzymes involved in this chain
are those of the ectonucleoside triphosphate diphosphohy-
drolases family (E-NTPDases), which hydrolyze nucleotide
tri- and di-phosphates. In mammals, there are eight related
and homologous enzymes sharing five apyrase-conserved
regions (ACRs), namely NTPDasel-8 that have been
cloned and characterized. NTPDasel (CD39, ATPDase,
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ecto-apyrase or ecto-ATP diphosphohydrolase) NTPDase2
(ecto-ATPase) and NTPDase3 (CD39L.3, HB6) are those
expressed in the nervous tissue [7]. The AMP produced in
the synaptic cleft is hydrolyzed by ecto-5'-nucleotidase (EC
3.1.3.5; or CD73) to generate adenosine [8].

The effects of adenosine in neural cells are operated
mainly through its action on either inhibitory A1 receptors or
excitatory A2A receptors. Al receptors are more abundant
in the brain and their activation induces inhibition of gluta-
mate release (as well as other neurotransmitters), reduction
in calcium influx through voltage-sensitive calcium channels
and NMDA receptors and in potassium currents, culminat-
ing in membrane hyperpolarization. A2A receptors activa-
tion induces enhanced release of different neurotransmit-
ters, as glutamate [9]. Such receptors have received attention
because their blockade by caffeine evokes a robust neuropro-
tection in different neurodegenerative models in rodents by
mechanisms that are still unclear [3, 10]. There is evidence
pointing to the preferred activation of A2A receptors when
adenosine is formed via the ectonucleotidase pathway [11].
Conversely, caffeine induces neuroprotection mainly due to
the blockade of A2A receptors rather than to Al receptors
[1]. Thus, long-term caffeine treatment could reduce brain
damage effects associated with A2A receptors during aging.

Neurodegenerative diseases are a multifactorial age-
related biological process, in which caffeine has shown ben-
eficial effects on human cognition, since low consumption of
caffeine in beverages has been associated with a significantly
lower risk of Alzheimer’s and Parkinson’s diseases [12, 13].
In aged rodents, caffeine intake may prevent memory decline
with aging, regardless of the occurrence of neurodegenera-
tive diseases [14, 15].

Thus far, the methods of long-term consumption of caf-
feine in rodents have focused on reverting or preventing cell
damage mechanisms after brain injury. Nonetheless, the
effect on cell death during senescence has yet to be found.

This study evaluates whether the long-term consump-
tion of low-dose of caffeine (the equivalent to one cup of
coffee for human) could modulate adenosine effects. The
investigation is focusing on the extracellular production of
adenosine, immunocontent of A1 and A2A receptors, and
cell viability in hippocampus of aged mice compared with
young adult mice.

Materials and Methods

Animals

Sixty-four young adult (32 animals, 2-3 months, 30-40 g)
and aged (32 animals, 16—18 months, 35-45 g) male Swiss

mice, separated equally in caffeine group or water group of
treatment, were caged in groups of 4. The animals were kept
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on a 12-h light/12-h dark cycle in a room under controlled
temperature (23 + 1 °C), with free access to food and liquid.
All experimental procedures were performed on light period
between 7:00 a.m. and 5:00 p.m. The project was approved
by the ethical committee of the Universidade do Extremo
Sul Catarinense (n° 103/2012) and performed according
recommendations for animal care on NIH Guide for Care
and Use of Laboratory Animals and National Council for
the Control of Animal Experimentation (CONCEA, Brazil).

Caffeine Treatment

Young adult and aged mice accessed drinking bottles con-
taining either 0.3 g/L caffeine (Sigma, St. Louis, MO) or
ordinary tap water as their only source of fluid for 30 con-
secutive days [16]. The caffeine solution was prepared every
2 days and the bottles (which are dark to prevent caffeine
oxidation) refilled between 7:00 p.m. and 8:00 p.m. The
treatment regimens correspond to a moderate caffeine intake
in humans, with meaningful effects believed to be restricted
to adenosine receptors [17]. The volume of water or caf-
feine consumed was quantified every 2 days, and the value
divided by two (interval between exchange) and the result
was divided by four (number of animals in the cage). Mice
were killed by decapitation just before the beginning of the
biochemical analysis (on the 30th day of caffeine treatment
period).

Nucleotides Hydrolysis Assay

After 30 days of caffeine consumption, 68 the animals from
each group were killed by decapitation and the brain was
rapidly removed. The hippocampus was dissected in cold
PBS in 0.6% glucose, sliced transversely as 400-pum-thick
slices on a Mcllwain tissue chopper and divided into indi-
vidual slices. Two slices per tube (approx. 0.15 mg protein)
were preincubated for 10 min at 37 °C with 400 pL of the
pre-warmed HEPES-buffered salt solution with the follow-
ing composition: 120 mM NaCl, 5 mM KCI, 2 mM CacCl,
and 10 mM glucose (pH 7.4) and gassed with a 95% O,/5%
CO, mixture (incubation medium). To measure ATP, ADP,
and AMP hydrolysis, the slices were incubated for 20 min
with each nucleotide at a final concentration of 1 mM at
37 °C in freshly pre-warmed incubation medium. An aliquot
of the assay medium was removed and mixed with trichlo-
roacetic acid (TCA) to the final concentration of 5% to stop
reaction. A sample of the supernatant was taken for the
assay of inorganic phosphate (Pi) generated by colorimetric
determination [18]. Non-enzymatic Pi released from nucle-
otide in the assay medium without slices and Pi released
from slices incubated without nucleotide were subtracted
from the total Pi released during nucleotide hydrolysis to
produce specific enzymatic activity values (nmol Pi~! mg
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protein~! min). All experimental conditions adapted were
previously investigated to ensure the linearity of enzymatic
reaction and the preservation of cell viability until the end
of the experiment (data not shown). Protein was determined
using bovine serum albumin as standard [19].

MTT Reduction Assay

The dehydrogenase activities were measured in another
hippocampus from each 6 to 8 young adult and aged mice
following 30 days of caffeine or water treatment. The MTT
tetrazolium ring [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide] is cleaved by intracellular dehydro-
genases generating formazan product, a blue precipitated
into living cells [20]. The hippocampus was sliced as cited
above, divided into individual slices and pre-incubated for
10 min in PBS with 0.6% glucose (pH 7.4). Two slices were
incubated with MTT (0.5 mg/mL) in fresh pre-warmed
PBS for 20 min at 37 °C. The PBS was gently aspirated, the
formazan precipitate was solubilized with dimethyl sulphox-
ide and viable cells were quantified spectrophotometrically
at a wavelength of 550 nm. The variability due to differences
in the size of the slice was determined by protein quantifica-
tion and indicated the homogeneity among slices (data not
shown).

Immunoblot Analysis

The hippocampi of 4 mice from each group were removed for
immunoblot analysis on the 30th day of caffeine consumption.
The tissue was homogenized and prepared according to [21]
Homogenization was carried out in an ice-cold lysate buffer
(10 mM Tris/2 mM EDTA/200 mM NAF, protease inhibi-
tors 0.1 mM PMSF, 2 mM Na;VO,, 1% Triton, 10% glicerol)
and centrifuged at 12,000xg for 10 min at 4 °C. The superna-
tants were diluted 1/1 (v/v) in 100 mM Tris (pH 6.8), 4 mM
EDTA, and 8% SDS and boiled for 5 min. One aliquot was
separated from the supernatants for determination of proteins
[22], and samples were diluted in storage buffer [40% glyc-
erol, 100 mM Tris, and bromophenol blue (25:100, v/v) and
8% p-mercaptoethanol] and stored at -20 °C for to 30 days.
Protein samples (70 pg/track) were separated by SDS-PAGE
mini-gel, using polyacrilamide gel (10%), followed by transfer
to nitrocellulose membranes. Protein loading and blot trans-
fer efficiency were monitored by staining membranes with
Ponceau S (0.5% ponceau: 1% acetic acid) and gel with Stain
Solution [50% methanol, 8% acetic acid, 0.1% Comassie Blue
R-250 (w/v in water)]. Membranes were blocked for 1 h with
TBS-T (Tris-buffered saline and 0.1% Tween-20; pH 7.4) and
0.5% fish gelatin. Membrane blots were incubated with pri-
mary antibody anti-A1l receptors (1:500; Millipore Califor-
nia, USA) or anti-A2A receptors (1:500; Millipore California,
USA) diluted in 1% albumin/TBS-T and incubated overnight

at 4 °C. After washing, the membranes were incubated for
1 h with anti-mouse IgG (1:1000; Santa Cruz Biotechnology,
USA), or anti-rabbit IgG (1:1500; Santa Cruz Biotechnol-
ogy, USA) horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Immunocomplexes were visualized using
the enhancing chemiluminescence detection system (Pierce,
USA) as described by the manufacturer. The membranes were
then reprobed and tested for B-actin immunoreactivity using
a mouse anti-p-actin antibody (1:1000; Santa Cruz Biotech-
nology, USA), as previously described [23]. Densitometry
analysis was performed using Image J software and values
for Al and A2A receptors immunoreactivity were normalized
to B-actin immunoreactivity. The total protein concentrations
were determined using the method described by [24].

Assessment of Histological Changes

On the 30th day of caffeine consumption, 5 mice per group
were anesthetized (50 mg/kg pentobarbital, i.p.) and intra-
cardially perfused with physiological saline (0.9% NaCl)
followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4).
After extraction of the skull, the brain was removed and
placed in a vial containing 4% paraformaldehyde solution
for 24 h, and subsequently processed and embedded in
paraffin wax. Coronal sections (5 um) were made using a
microtome (Leica RM2265, rotary microtome) and stained
with toluidine blue (1% toluidine blue-O in distilled water).
To examine cell density, hippocampal CA1 region of the
brain was visualized under bright field illumination using a
Nikon Eclipse Ti-U microscope. The cells were counted on
at least three sections, at each level, at 400 magnification by
two blind analyzers. Both healthy and pyknotic cells were
counted and the estimates of total neuronal number were
based on counting nuclei technique, observed in the sec-
tions of the CA1. The pyknotic neurons were considered
when neuron bodies’ pyknosis and cytoplasm were stained
darkly [25].

Statistical Analysis

The results were statistically analyzed using a two-way
ANOVA with treatment and age as main factors. Tukey HSD
post hoc test was used when p <0.05. The data are presented
as mean values + SEM (standard error of the mean). Results
were analyzed by STATISTICA® software version 7.0 (Stat-
Soft, Inc., USA).

Results
Mice were observed during all treatment period with respect

to health, liquid ingestion (every 2 days), body weight and
food intake. Body weight of mice was no significantly
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different between mice of the same age for both liquids con-
sumed over the period of 30 days (weight of 2—3 months old
mice, water: 32.5 +3.2; caffeine: 34 +4.1; and 16—18 months
old mice, water: 39.8 +2.8; caffeine: 41.5+3.2, p>0.05).
The means of water or caffeine consumed daily, for 30 days,

Table 1 Ingestion of water or caffeine (0.3 g/L) in mL per day esti-
mated per mouse measured every 2 days for 30 days’ treatment

Water (mL) Caffeine (mL)
Young adult 13.39+0.50 11.63+0.27*
Aged 10.90+0.37* 12.06+0.36

Consumption of liquid was measured every 2 days for during 30 days,
at the change of caffeine solution, as described in "Materials and
Methods" section. Data are expressed as mean of liquid ingested on
the day of change+S.E.M., n=16

*p<0.05 compared to young adult mice that ingested water

ATP hydrolysis

>

were estimated for each animal per day through the loss of
water from drinking bottles (Table 1). Two-way ANOVA
revealed a significant interactive effect of age and treatment
on volume of liquid consumed [F(3,62) = 14.074; p<0.001].
Post-hoc analysis indicated that young adult mice ingested
less caffeine than water; aged mice ingested a similar volume
of water and caffeine, but they consumed less water than the
young adult mice.

ATP hydrolysis was the same among young adult and
aged groups of mice [F(3,19)=2,466; p=0.133] (Fig. 1a).
However, two-way ANOVA indicated a significant effect
of age on ADP hydrolysis [F(3,17)=52.12; p<0.001].
Post-hoc analysis indicated that ADP hydrolysis increased
in hippocampus slices of aged mice (treated with water or
caffeine) compared with water-treated young adult animals
(Fig. 1b). In the same statistical effect, AMP hydrolysis
increased in hippocampus of all aged mice compared with
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Fig.1 Effect of the chronic ingestion of caffeine (0.3 g/L) on the
nucleotides hydrolysis in slices from hippocampus of young adult and
aged mice. Enzymatic activities for A ATP, B ADP, C AMP and D
ATP/ADP hydrolysis ratio are expressed as mean of nmol Pi™' mg
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protein‘1 min values+S.E.M., and each value reflects the mean of
triplicate samples from 6 to 8 animals per group. *p <0.05 compared
to young adult mice [consumed water (control) or caffeine] vs. aged
mice (consumed water or caffeine)
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young adults that ingested water [F(3,17)=56.00; p <0.001]
(Fig. 1c). ATP/ADP hydrolysis ratio was not the same along
aging, because the ratio decreased in hippocampus of aged
mice compared with young adults, regardless of treatment
[F(3,17)=34.93; p<0.001] (Fig. 1d).

Analysis of the adenosine receptors content showed the
same effect of age and treatment on A1 receptor levels in
hippocampus of mice [F(3,12)=0.93; p=0.353] (Fig. 2a).
However, two-way ANOVA revealed a significant effect of
treatment on the content of A2A receptors in hippocampus
of mice [F(3,16)=18.81; p=0.0005]. Post-hoc analysis
indicated that caffeine induced a reduction in A2A receptor
levels in hippocampus regardless of age (Fig. 2b). f-actin
content was unaltered among all groups (data not shown).
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Fig.2 Effect of the chronic ingestion of caffeine (0.3 g/L) on the
adenosine receptors content. a Al receptors and b A2A receptors
content in hippocampus of young adult and aged mice. Data are pre-
sented as mean values + SEM, and each value reflects the mean from
4 animals per group. *p <0.05 compared to mice that ingested water
(respective young or aged control mice). Insets are bands from rep-
resentative experiments. y/w young adult mice that ingested water,
y/c young adult mice that ingested caffeine; aged mice that ingested
water, a/c aged mice that ingested caffeine

Two-way ANOVA showed that neither age nor treatment
had effect on MTT reduction of cell living in hippocampus
after treatment of mice (p>0.05) (Fig. 3). However, when
tissues were stained with toluidine blue (Fig. 4), two-way
ANOVA revealed a significant effect for all factors. Post-hoc
analysis indicated augmented pyknotic neurons in CA1 area
in aged mice [F(3,16)=67.38; p<0.0001], and an impor-
tant interactive effect of age and treatment [F(3,16)=4.72;
p=0.045], since the water-treated aged had a greater reduc-
tion, than both young adult groups. The reduction of neurons
in the hippocampus observed in aged mice is physiological
and was prevented by the treatment with low-dose of caf-
feine for 30 days [F(3,16)=4.47; p=0.050] (Fig. 5a, b).

Discussion

In the present study, prolonged low-dose caffeine consump-
tion by aged mice induced modulation of adenosinergic sys-
tem resulting in less cell damage in the hippocampus. Caf-
feine has not changed nucleotides hydrolysis but evoked a
reduction in adenosine A2A content and in pyknotic neurons
in the hippocampus of aged mice. Such findings indicate
an important physiological contribution to brain integrity
during aging.

Aged mice consumed 12.06 +0.36 mL of caffeine daily,
corresponding to approximately 3.3 mg/kg/day, to an esti-
mated concentration of 22 uM in hippocampus [26]. Young
adult animals ingested less caffeine than water, this effect
does not seem to be specifically related to caffeine (two-
way ANOVA analysis indicated significance for age versus
treatment, for only for age factor, but no significance for the
treatment per se), since fluid intake varies between ages, as
previously observed [27].

The ectonucleotidases catalyze the adenine nucleotides
hydrolysis in stages to produce free extracellular adenosine
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Fig.3 Effect of the chronic ingestion of caffeine (0.3 g/L) on the
MTT reduction in slices from hippocampus of young adult and aged
mice. Data are presented as mean values+SEM, and each value
reflects the mean of triplicate samples from 6 to 8 animals per group
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Fig.4 Effect of the chronic
ingestion of caffeine (0.3 g/L)
on the toluidine blue stain-

ing (Nissl). Photomicrographs
(x400) of toluidine blue
staining in brain hippocam-
pus CA1 sections (in slices

of 5 um). a Young adult mice
that ingested water (control
group) showing healthy neu-
rons; b young adult mice that
ingested caffeine (0.3 g/L); ¢
aged mice that ingested water
shows necrotic neurons body
pyknosis and cytoplasm stained
darkly (arrows); d aged mice
that ingested caffeine showing
reduction on neurodegeneration
induced by aging. Representa-
tive photomicrographs are from
5 animals per group

at the synapse cleft [7]. Initially ATP is degraded to ADP
by ecto-NTPDases. In the current study, the ATP hydrolysis
rates were not changed over aging or after treatment with
caffeine. Nevertheless, ADP and AMP hydrolysis rates
increased in aged mice compared with young adult animals
regardless of the caffeine treatment. Studies have shown a
decrease in the levels of ATP in the energy charge of the
intact tissue as well as those from hippocampal slices of
aged rats [28, 29]. Probably, the decrease in tissue ATP
availability observed in aged rats contributes to ATP/ADP
hydrolysis ratio reduction observed, however it is important
to highlight that there was an increment in the ADP and
AMP hydrolysis, and ADP is also an agonist to the P2Y1
receptors expressed in hippocampus [30].

The ATP/ADP hydrolysis ratio was lower in aged com-
pared to young adult animals regardless of treatment, dem-
onstrating a change in the pattern of enzymatic activities
over aging. E-NTPDase family (NTPDasel1-8) has four
cell-surface NTPDases capable of controlling the concen-
trations of nucleotide agonists near purinergic receptors
(NTPDasel1-3, 8). NTPDasel hydrolyzes ATP and ADP
about equally well and NTPDase2 prefers triphospho- over
diphosphonucleoside by about 30-fold [31, 32]. NTPDase3
catalyzes the hydrolysis of triphosphonucleosides and
diphosphonucleosides efficiently with ATP:ADP rate of
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hydrolysis of 3:1, and NTPDase8 is probably not present
in the brain tissue [33]. Thus, E-NTPDase activity can be
modulated in different physiological and pathological situa-
tions. In the present study, ATP/ADP hydrolysis rate was 1:1
in aged mice, whereas in young adult mice it was 3:1. The
dependence of ATP/ADP rate on the brain age can be due to
the existence of regulatory mechanisms in the ectoenzymes
NTPDase3, preferentially acting in the hippocampus during
the young period and ecto-NTPDasel in the aging period.
Following ATP and ADP hydrolysis, the generated AMP
must be hydrolyzed to increase adenosine levels, which is
the critical step of its extracellular generation by ecto-5'-
nucleotidase [34]. In the present study, the adenosine gen-
eration was higher in the hippocampus of aged mice. Some
studies have reported the increased adenosine release in old
rats [34, 35] and adenosine production via increase in the
5'-nucleotidase activity in brain of aged rat (12—18 months),
with small increases in older rats (24-32 months) [36].
Adenosine formed by the ectonucleotidase pathway is con-
sidered to bind mainly to adenosine A2A receptor [37].
Thus, is important to associate ectoenzyme activities with
adenosine receptors in order to evaluate the effect of any
treatment on aging brain. The density of A2A receptors
was greater in cholinergic and glutamatergic hippocampal
nerve terminals of aged rats (18—24 months) comparing
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Fig.5 Effect of the chronic ingestion of caffeine (0.3 g/L) on the
toluidine blue staining in hippocampus CA1 sections of young adult
and aged mice. A Number of healthy neurons; B number of pyknotic
neurons. Data are presented as mean values+S.E.M., and each value
reflects the mean of triplicate samples from 5 animals per group.
*p <0.05 compared to young adult mice [consumed water (control) or
caffeine]. *p <0.05 compared to aged mice that consumed water

with young animals (2 months) but not with middle-aged
(6-12 months) animals [37, 38]. The current study did not
show an effect regarding age, since the content of Al and
A2A receptors remained unchanged between young adult
and aged mice. Nonetheless, there are important differences
when compared to the latter studies regarding age and spe-
cies (16—18 months, Swiss mice). Moreover, the content of
A2A receptors was reduced in young and aged mice that
ingested caffeine comparing to those that drank water. Such
A2A downregulation observed herein was also seen after
both acute and repeated intraperitoneal injections of caf-
feine (during 14 days) in Sprague Dawley rats [39]. In the
later study, chronic caffeine treatment delivered through the
drinking water also led to a decrease in A2A receptors con-
tent in hippocampus of pregnant rats [40].

In addition, during aging, the increase in the extracel-
lular levels of adenosine by ecto-5'-nucleotidase activity
induces neuroprotection if adenosine preferentially binds to
Al instead of A2A receptors. The observed reduction in
the content of A2A receptor caused by the caffeine treat-
ment can be protective in the aged mice. The ability of A2A
receptors to modulate neurotransmitter release was also

observed in experimental conditions implying in toxicity,
as in the model of K* stimulated glutamate release using
microdialysis in vivo [41]. Excessive glutamate concentra-
tions may result in neuronal dysfunction, excitotoxicity and
death, which share common pathogenesis mechanism with
neurodegenerative diseases related with aging [42]. Thus,
the decrease in the receptor content observed in the current
study may suggest an important protective effect of caffeine
during aging.

Furthermore, the treatment with A2A receptor antago-
nists has been emerged as a promising neuroprotective
strategy, since it caused neuroprotection against Parkinson’s
disease [43, 44] and p-amyloid neurotoxicity [3]. The A2A
receptor activation leads to multitude of downstream cas-
cades, activating mitogen-activated protein kinase (MAPK
p44/42), also known as pERK1/2, through protein kinase
A (PKA) pathway. The MAPK family covers three main
groups, the extracellular signal-regulated protein kinases
(ERK), the stress-activated protein kinases (SAPK; p38)
and the c-Jun N-terminal kinases (JNK), which are involved
in cell cycle progression, proliferation and differentiation.
Thus, adenosine receptor signaling may enhance or inhibit
proliferation of a variety of cell types [45]. It has been
known that A2A and D2 receptors are functionally antago-
nistic, as A2A receptor antagonist can exert a similar effect
on motor control as D2 agonists for PD treatment [46].
However, the mechanism which A2A antagonism provides
neuroprotection in the most of nerodegenerative diseases
remains unclear [47].

It has been suggested that reduced neurogenesis in the
hippocampus is associated with cognitive deficits in aged
rats [48]. CA1 neurons of the hippocampus shown longer
and more branched basal dendrites, and greater numbers of
spines in rats chronically treated with caffeine [49]. In the
present study, toluidine blue staining showed no changes
in the number of healthy cells in the CA1 area of the hip-
pocampus, but the number of pyknotic neurons were higher
in aged mice. The good condition of the hippocampus is
an important factor to either preserve memory. An Italian
longitudinal study on aging with old consumers of moder-
ate and regular coffee were related with protective effects
against cognitive decline and dementia incidence [50]. The
neuroprotective effect of caffeine in aging may also be due
to the reversal on DNA damage observed in peripheral blood
and hippocampus of aged mice [51].

The current findings, along with the outcome of previ-
ous epidemiological studies [12, 52] strongly suggest that
prolonged low dose caffeine consumption has significant
therapeutic benefits with regard to neuroprotection in the
aged. Further studies evaluating other effects should be con-
ducted in order to elucidate the mechanism of adenosine in
the neuroprotective role of caffeine in aging.

@ Springer



794

Neurochemical Research (2019) 44:787-795

Acknowledgements We thank Dr. Izabel Cristina Custodio de Souza
(Department of Social Medical Studies, Federal University of Pelotas,
Rio Grande do Sul, Brazil), Luis Augusto Xavier Cruz, Luis Otavio
Lobo Centeno, Eliane Freire Anthonisen (Department of Morphology,
Institute of Biology, Federal University of Pelotas, Rio Grande do Sul,
Brazil) and Claudio Teodoro de Souza (Universidade do Extremo Sul
Catarinense) for important contributions to the paper. This study was
supported by Universidade do Extremo Sul Catarinense (VMA and
CB).

Author Contributions MLG: contributions to the conception of the
work, acquisition, analysis and interpretation of data for the work;
writing and correcting the work; final approval of the version to be
published; APD, RP, LR, LLA, MCA: substantial contributions to the
acquisition and analysis of data for the work; drafting the work; final
approval of the version to be published; VMA: design of study; analysis
and interpretation of data; correction of final version of manuscript;
supervisor of APD. CRB: conception and design of study; project for
funding support; analysis and interpretation of data; writing and cor-
recting of final version of manuscript of manuscript; supervisor of the
majority of post-graduation and undergraduation students. The present
work was part of Dissertations of MLG. All authors—agreement to
be accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are appro-
priately investigated and resolved.

Compliance with Ethical Standards

Disclosure The authors declare that there is no conflict of interests
regarding the publication of this paper.

Ethical Approval All procedures performed in studies involving ani-
mals were in accordance with the ethical standards of the institution or
practice at which the studies were conducted. All applicable interna-
tional, national, and/or institutional guidelines for the care and use of
animals were followed. The project was approved by the ethical com-
mittee of the Universidade do Extremo Sul Catarinense (n° 103/2012)
and performed according recommendations for animal care on NIH
Guide for Care and Use of Laboratory Animals and National Council
for the Control of Animal Experimentation (CONCEA, Brazil).

References

1. Fredholm BB, Biittig K, Holmén J et al (1999) Actions of caffeine
in the brain with special reference to factors that contribute to its
widespread use. Pharmacol Rev 51:83-133

2. Sonsalla PK, Wong LY, Harris SL et al (2012) Delayed caffeine
treatment prevents nigral dopamine neuron loss in a progressive
rat model of Parkinson’s disease. Exp Neurol 234:482-487. https
://doi.org/10.1016/j.expneurol.2012.01.022

3. Dall’Igna OP, Porcitincula LO, Souza DO et al (2003) Neuro-
protection by caffeine and adenosine A2A receptor blockade of
beta-amyloid neurotoxicity. Br J Pharmacol 138:1207-1209. https
://doi.org/10.1038/sj.bjp.0705185

4. Phillis JW (1995) The effects of selective Al and A2a adeno-
sine receptor antagonists on cerebral ischemic injury in the
gerbil. Brain Res 705:79-84. https://doi.org/10.1016/0006-
8993(95)01153-6

5. El Yacoubi M, Ledent C, Ménard JF et al (2000) The stimulant
effects of caffeine on locomotor behaviour in mice are medi-
ated through its blockade of adenosine A(2A) receptors. Br J

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Pharmacol 129:1465-1473. https://doi.org/10.1038/sj.bjp.07031
70

Hoehn K, White TD (1990) Role of excitatory amino acid recep-
tors in K*- and glutamate-evoked release of endogenous adeno-
sine from rat cortical slices. J] Neurochem 54:256-265
Zimmermann H (1999) Two novel families of ectonucleotidases:
molecular structures, catalytic properties and a search for func-
tion. Trends Pharmacol Sci 20:231-236. https://doi.org/10.1016/
S0165-6147(99)01293-6

Robson SC, Sévigny J, Zimmermann H (2006) The E-NTPDase
family of ectonucleotidases: Structure function relationships and
pathophysiological significance. Purinergic Signal 2:409—430.
https://doi.org/10.1007/s11302-006-9003-5

Ciruela F, Casad6 V, Rodrigues RJ et al (2006) Presynaptic con-
trol of striatal glutamatergic neurotransmission by adenosine A1—
A2A receptor heteromers. J Neurosci 26:. https://doi.org/10.1523/
JNEUROSCI.3574-05.2006

Machado-Filho JA, Correia AO, Montenegro ABA et al (2014)
Caffeine neuroprotective effects on 6-OHDA-lesioned rats are
mediated by several factors, including pro-inflammatory cytokines
and histone deacetylase inhibitions. Behav Brain Res 264:116—
125. https://doi.org/10.1016/j.bbr.2014.01.051

Augusto E, Matos M, Sevigny J et al (2013) Ecto-5"-nucleotidase
(CD73)-mediated formation of adenosine is critical for the striatal
adenosine A2A receptor functions. J Neurosci 33:11390-11399.
https://doi.org/10.1523/INEUROSCI.5817-12.2013

Eskelinen MH, Ngandu T, Tuomilehto J et al (2009) Midlife coftee
and tea drinking and the risk of late-life dementia: A population-
based CAIDE study. J Alzheimer’s Dis 16:85-91. https://doi.
org/10.3233/JAD-2009-0920

Kumar PM, Paing SST, Li H et al (2015) Differential effect of caf-
feine intake in subjects with genetic susceptibility to Parkinson’s
disease. Sci Rep 5:15492. https://doi.org/10.1038/srep15492
Costa MS, Botton PH, Mioranzza S et al (2008) Caffeine pre-
vents age-associated recognition memory decline and changes
brain-derived neurotrophic factor and tirosine kinase receptor
(TrkB) content in mice. Neuroscience 153:1071-1078. https://
doi.org/10.1016/j.neuroscience.2008.03.038

Prediger RDS, Batista LC, Takahashi RN (2005) Caffeine reverses
age-related deficits in olfactory discrimination and social recog-
nition memory in rats: Involvement of adenosine Al and A2A
receptors. Neurobiol Aging 26:957-964. https://doi.org/10.1016/j.
neurobiolaging.2004.08.012

da Silva RS, Bruno AN, Battastini AMO et al (2003) Acute
caffeine treatment increases extracellular nucleotide hydrolysis
from rat striatal and hippocampal synaptosomes. Neurochem Res
28:1249-1254

Quarta D, Ferré S, Solinas M et al (2004) Opposite modulatory
roles for adenosine A1 and A2A receptors on glutamate and dopa-
mine release in the shell of the nucleus accumbens. Effects of
chronic caffeine exposure. J Neurochem 88:1151-1158. https://
doi.org/10.1046/j.1471-4159.2003.02245.x

Chan K-M, Delfert D, Junger KD (1986) A direct colorimet-
ric assay for Ca**-stimulated ATPase activity. Anal Biochem
157:375-380. https://doi.org/10.1016/0003-2697(86)90640-8
Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem 72:248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Liu Y, Peterson DA, Kimura H, Schubert D (1997) Mechanism
of cellular 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction. J Neurochem 69:581-593. https://doi.
0rg/10.1046/j.1471-4159.1997.69020581.x

Leal RB, Cordova FM, Herd L et al (2002) Lead-stimulated
p38MAPK-dependent Hsp27 phosphorylation. Toxicol Appl
Pharmacol 178:44-51. https://doi.org/10.1006/taap.2001.9320


https://doi.org/10.1016/j.expneurol.2012.01.022
https://doi.org/10.1016/j.expneurol.2012.01.022
https://doi.org/10.1038/sj.bjp.0705185
https://doi.org/10.1038/sj.bjp.0705185
https://doi.org/10.1016/0006-8993(95)01153-6
https://doi.org/10.1016/0006-8993(95)01153-6
https://doi.org/10.1038/sj.bjp.0703170
https://doi.org/10.1038/sj.bjp.0703170
https://doi.org/10.1016/S0165-6147(99)01293-6
https://doi.org/10.1016/S0165-6147(99)01293-6
https://doi.org/10.1007/s11302-006-9003-5
https://doi.org/10.1523/JNEUROSCI.3574-05.2006
https://doi.org/10.1523/JNEUROSCI.3574-05.2006
https://doi.org/10.1016/j.bbr.2014.01.051
https://doi.org/10.1523/JNEUROSCI.5817-12.2013
https://doi.org/10.3233/JAD-2009-0920
https://doi.org/10.3233/JAD-2009-0920
https://doi.org/10.1038/srep15492
https://doi.org/10.1016/j.neuroscience.2008.03.038
https://doi.org/10.1016/j.neuroscience.2008.03.038
https://doi.org/10.1016/j.neurobiolaging.2004.08.012
https://doi.org/10.1016/j.neurobiolaging.2004.08.012
https://doi.org/10.1046/j.1471-4159.2003.02245.x
https://doi.org/10.1046/j.1471-4159.2003.02245.x
https://doi.org/10.1016/0003-2697(86)90640-8
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1046/j.1471-4159.1997.69020581.x
https://doi.org/10.1046/j.1471-4159.1997.69020581.x
https://doi.org/10.1006/taap.2001.9320

Neurochemical Research (2019) 44:787-795

795

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Peterson GL (1977) A simplification of the protein assay method
of Lowry et al. which is more generally applicable. Anal Biochem
83:346-356. https://doi.org/10.1016/0003-2697(77)90043-4
Matos A, Ropelle ER, Pauli JR et al (2010) Acute exercise
reverses TRB3 expression in the skeletal muscle and ameliorates
whole body insulin sensitivity in diabetic mice. Acta Physiol
198:61-69. https://doi.org/10.1111/j.1748-1716.2009.02031.x
Peterson GL (1977) A simplification of the protein assay method
of Lowry et al. which is more generally applicable. Anal Biochem
83:346-356

Dhull DK, Bhateja D, Dhull RK, Padi SSV (2012) Differential role
of cyclooxygenase isozymes on neuronal density in hippocampus
CALl region of intracerebroventricular streptozotocin treated rat
brain. ] Chem Neuroanat 43:48-51. https://doi.org/10.1016/j.
jchemneu.2011.10.001

Costenla AR, Cunha RA, De Mendonca A (2010) Caffeine, adeno-
sine receptors, and synaptic plasticity. J Alzheimer’s Dis 20:. https
://doi.org/10.3233/JAD-2010-091384

Begg DP, Sinclair AJ, Weisinger RS (2012) Reductions in water
and sodium intake by aged male and female rats. Nutr Res
32:865-872. https://doi.org/10.1016/j.nutres.2012.09.014
Fredholm BB, Dunwiddie TV, Bergman B, Lindstrom K (1984)
Levels of adenosine and adenine nucleotides in slices of rat hip-
pocampus. Brain Res 295:127-136. https://doi.org/10.1016/0006-
8993(84)90823-0

Cunha RA, Almeida T, Ribeiro JA (2001) Parallel modification
of adenosine extracellular metabolism and modulatory action in
the hippocampus of aged rats. J] Neurochem 76:372-382. https://
doi.org/10.1046/j.1471-4159.2001.00095.x

Abbracchio MP, Burnstock G, Boeynaems J-M et al (2006) Inter-
national Union of Pharmacology LVIII: update on the P2Y G
protein-coupled nucleotide receptors: from molecular mechanisms
and pathophysiology to therapy. Pharmacol Rev 58:281-341. https
://doi.org/10.1124/pr.58.3.3

Heine P, Braun N, Heilbronn A, Zimmermann H (1999) Func-
tional characterization of rat ecto-ATPase and ecto-ATP
diphosphohydrolase after heterologous expression in CHO
cells. Eur J Biochem 262:102-107. https://doi.org/10.104
6/j.1432-1327.1999.00347.x

Sévigny J, Sundberg C, Braun N et al (2002) Differential catalytic
properties and vascular topography of murine nucleoside triphos-
phate diphosphohydrolase 1 (NTPDasel) and NTPDase2 have
implications for thromboregulation. Blood 99:2801-2809. https
://doi.org/10.1182/blood.V99.8.2801

Lavoie EG, Kukulski F, Lévesque SA et al (2004) Cloning and
characterization of mouse nucleoside triphosphate diphospho-
hydrolase-3. Biochem Pharmacol 67:1917-1926. https://doi.
org/10.1016/j.bcp.2004.02.012

Murillo-Rodriguez E, Blanco-Centurion C, Gerashchenko D et al
(2004) The diurnal rhythm of adenosine levels in the basal fore-
brain of young and old rats. Neuroscience 123:361-370. https://
doi.org/10.1016/j.neuroscience.2003.09.015

Mackiewicz M, Nikonova EV, Zimmermann JE et al (2006) Age-
related changes in adenosine metabolic enzymes in sleep/wake
regulatory areas of the brain. Neurobiol Aging 27:351-360. https
://doi.org/10.1016/j.neurobiolaging.2005.01.015

Fuchs JL (1991) 5'-Nucleotidase activity increases in aging rat
brain. Neurobiol Aging 12:523-530. https://doi.org/10.1016/0197-
4580(91)90083-V

Costenla AR, Didégenes MJ, Canas PM et al (2011) Enhanced role
of adenosine A 2A receptors in the modulation of LTP in the rat
hippocampus upon ageing. Eur J Neurosci 34:12-21. https://doi.
org/10.1111/5.1460-9568.2011.07719.x

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Canas PM, Duarte JMN, Rodrigues RJ et al (2009) Modification
upon aging of the density of presynaptic modulation systems in
the hippocampus. Neurobiol Aging 30:1877-1884. https://doi.
org/10.1016/j.neurobiolaging.2008.01.003

Svenningsson P, Nomikos GG, Fredholm BB (1999) The stimula-
tory action and the development of tolerance to caffeine is associ-
ated with alterations in gene expression in specific brain regions.
J Neurosci 19:4011-4022

Ballesteros-Yariez I, Castillo CA, Amo-Salas M et al (2012) Dif-
ferential effect of caffeine consumption on diverse brain areas of
pregnant rats. J Caffeine Res 2:90-98. https://doi.org/10.1089/
jcr.2012.0011

Pintor A, Quarta D, Pézzola A et al (2001) SCH 58261 (an
adenosine A(2A) receptor antagonist) reduces, only at low doses,
K(+)-evoked glutamate release in the striatum. Eur J Pharmacol
421:177-180. https://doi.org/10.1016/S0014-2999(01)01058-5
Greene JG, Greenamyre JT (1996) Bioenergetics and glutamate
excitotoxicity. Prog Neurobiol 48:613-634

Kondo T, Mizuno Y, Japanese Istradefylline Study Group (2015)
A long-term study of istradefylline safety and efficacy in patients
with Parkinson disease. Clin Neuropharmacol 38:41-46. https://
doi.org/10.1097/WNF.0000000000000073

Schwarzschild MA, Agnati L, Fuxe K et al (2006) Targeting
adenosine A2A receptors in Parkinson’s disease. Trends Neurosci
29:647-654. https://doi.org/10.1016/j.tins.2006.09.004

Nassar NN, Abdel-Rahman AA (2015) Brain stem adenosine
receptors modulate centrally mediated hypotensive responses
in conscious rats: a review. J Adv Res 6:331-340. https://doi.
org/10.1016/j.jare.2014.12.005

Mori A (2014) Mode of action of adenosine A2A receptor antago-
nists as symptomatic treatment for Parkinson’s disease. Int Rev
Neurobiol 119:87-116

Vuorimaa A, Rissanen E, Airas L (2017) In vivo PET imaging of
adenosine 2A receptors in neuroinflammatory and neurodegenera-
tive disease. Contrast Media Mol Imaging 2017:1-15. https://doi.
org/10.1155/2017/6975841

Drapeau E, Mayo W, Aurousseau C et al (2003) Spatial memory
performances of aged rats in the water maze predict levels of
hippocampal neurogenesis. Proc Natl Acad Sci USA 100:14385-
14390. https://doi.org/10.1073/pnas.2334169100

Vila-Luna S, Cabrera-Isidoro S, Vila-Luna L et al (2012) Chronic
caffeine consumption prevents cognitive decline from young to
middle age in rats, and is associated with increased length, branch-
ing, and spine density of basal dendrites in CA1 hippocampal
neurons. Neuroscience 202:384-395. https://doi.org/10.1016/j.
neuroscience.2011.11.053

Solfrizzi V, Panza F, Imbimbo BP et al (2015) Coffee consump-
tion habits and the risk of mild cognitive impairment: the Italian
longitudinal study on aging. J Alzheimer’s Dis 47:889-899. https
://doi.org/10.3233/JAD-150333

Damiani AP, Garcez ML, Letieli de Abreu L et al (2017) A reduc-
tion in DNA damage in neural tissue and peripheral blood of old
mice treated with caffeine. J Toxicol Environ Heal Part A. https
://doi.org/10.1080/15287394.2017.1286901

Ritchie K, Ancelin ML, Amieva H et al (2014) The association
between caffeine and cognitive decline: examining alternative
causal hypotheses. Int Psychogeriatr 26:581-590. https://doi.
org/10.1017/S1041610213002469

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/0003-2697(77)90043-4
https://doi.org/10.1111/j.1748-1716.2009.02031.x
https://doi.org/10.1016/j.jchemneu.2011.10.001
https://doi.org/10.1016/j.jchemneu.2011.10.001
https://doi.org/10.3233/JAD-2010-091384
https://doi.org/10.3233/JAD-2010-091384
https://doi.org/10.1016/j.nutres.2012.09.014
https://doi.org/10.1016/0006-8993(84)90823-0
https://doi.org/10.1016/0006-8993(84)90823-0
https://doi.org/10.1046/j.1471-4159.2001.00095.x
https://doi.org/10.1046/j.1471-4159.2001.00095.x
https://doi.org/10.1124/pr.58.3.3
https://doi.org/10.1124/pr.58.3.3
https://doi.org/10.1046/j.1432-1327.1999.00347.x
https://doi.org/10.1046/j.1432-1327.1999.00347.x
https://doi.org/10.1182/blood.V99.8.2801
https://doi.org/10.1182/blood.V99.8.2801
https://doi.org/10.1016/j.bcp.2004.02.012
https://doi.org/10.1016/j.bcp.2004.02.012
https://doi.org/10.1016/j.neuroscience.2003.09.015
https://doi.org/10.1016/j.neuroscience.2003.09.015
https://doi.org/10.1016/j.neurobiolaging.2005.01.015
https://doi.org/10.1016/j.neurobiolaging.2005.01.015
https://doi.org/10.1016/0197-4580(91)90083-V
https://doi.org/10.1016/0197-4580(91)90083-V
https://doi.org/10.1111/j.1460-9568.2011.07719.x
https://doi.org/10.1111/j.1460-9568.2011.07719.x
https://doi.org/10.1016/j.neurobiolaging.2008.01.003
https://doi.org/10.1016/j.neurobiolaging.2008.01.003
https://doi.org/10.1089/jcr.2012.0011
https://doi.org/10.1089/jcr.2012.0011
https://doi.org/10.1016/S0014-2999(01)01058-5
https://doi.org/10.1097/WNF.0000000000000073
https://doi.org/10.1097/WNF.0000000000000073
https://doi.org/10.1016/j.tins.2006.09.004
https://doi.org/10.1016/j.jare.2014.12.005
https://doi.org/10.1016/j.jare.2014.12.005
https://doi.org/10.1155/2017/6975841
https://doi.org/10.1155/2017/6975841
https://doi.org/10.1073/pnas.2334169100
https://doi.org/10.1016/j.neuroscience.2011.11.053
https://doi.org/10.1016/j.neuroscience.2011.11.053
https://doi.org/10.3233/JAD-150333
https://doi.org/10.3233/JAD-150333
https://doi.org/10.1080/15287394.2017.1286901
https://doi.org/10.1080/15287394.2017.1286901
https://doi.org/10.1017/S1041610213002469
https://doi.org/10.1017/S1041610213002469

	Caffeine Neuroprotection Decreases A2A Adenosine Receptor Content in Aged Mice
	Abstract
	Introduction
	Materials and Methods
	Animals
	Caffeine Treatment
	Nucleotides Hydrolysis Assay
	MTT Reduction Assay
	Immunoblot Analysis
	Assessment of Histological Changes
	Statistical Analysis

	Results
	Discussion
	Acknowledgements 
	References


