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Abstract

Caffeine, a stimulant largely consumed around the world, is a non-selective adenosine receptor antagonist, and therefore caffeine
actions at synapses usually, but not always, mirror those of adenosine. Importantly, different adenosine receptors with opposing
regulatory actions co-exist at synapses. Through both inhibitory and excitatory high-affinity receptors (A;R and A,R, respec-
tively), adenosine affects NMDA receptor (NMDAR) function at the hippocampus, but surprisingly, there is a lack of knowledge
on the effects of caffeine upon this ionotropic glutamatergic receptor deeply involved in both positive (plasticity) and negative
(excitotoxicity) synaptic actions. We thus aimed to elucidate the effects of caffeine upon NMDAR-mediated excitatory post-
synaptic currents (NMDAR-EPSCs), and its implications upon neuronal Ca** homeostasis. We found that caffeine (30-200 pM)
facilitates NMDAR-EPSCs on pyramidal CA1 neurons from Balbc/ByJ male mice, an action mimicked, as well as occluded, by
1,3-dipropyl-cyclopentylxantine (DPCPX, 50 nM), thus likely mediated by blockade of inhibitory A;Rs. This action of caffeine
cannot be attributed to a pre-synaptic facilitation of transmission because caffeine even increased paired-pulse facilitation of
NMDA-EPSCs, indicative of an inhibition of neurotransmitter release. Adenosine A, Rs are involved in this likely pre-synaptic
action since the effect of caffeine was mimicked by the A, R antagonist, SCH58261 (50 nM). Furthermore, caffeine increased
the frequency of Ca®* transients in neuronal cell culture, an action mimicked by the AR antagonist, DPCPX, and prevented by
NMDAR blockade with AP5 (50 uM). Altogether, these results show for the first time an influence of caffeine on NMDA
receptor activity at the hippocampus, with impact in neuronal Ca** homeostasis.
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FBS Fetal bovine serum

fEPSP Field excitatory post-synaptic potential
GABA Gamma-aminobutyric acid
HBSS Hank’s balanced salt solution
LTD Long-term depression

LTP Long-term potentiation

mGIuR Metabotropic glutamate receptors
NMDA N-Methyl-D-aspartate

NMDAR N-Methyl-D-aspartate receptor

N M D A R - N-Methyl-p-aspartate receptor
EPSCs excitatory post-synaptic potential
PDL Poly-D-lysine

PPF Paired-pulse facilitation

S.EM. Standard error of the mean
Introduction

Caffeine is a psychoactive drug widely consumed in the world
and has a plethora of actions in the central nervous system
(CNS) [1]. Nowadays, in addition to traditional beverages such
as coffee and tea, caffeine can be found in energy drinks, soft
drinks, and chocolates [2, 3]. The consumption of these prod-
ucts increased in recent years, including in children and ado-
lescents [4-6], and may even exceed the recommended daily
intake (2.5 mg/kg for 6-12 years old children) due to advertise-
ments designed to attract these young consumers [7-9].

Caffeine is a methylxanthine with several mechanisms of
action, such as non-selective antagonism of adenosine recep-
tors, as the high-affinity A; and A, adenosine receptor (A;R
and A, 4R) subtypes, inhibition of cyclic nucleotide phospho-
diesterases, mobilization of Ca>* from the sarcoplasmic retic-
ulum or inhibition of its reuptake, inhibition of monoamine
oxidase and cyclooxygenase enzymes, and blockade of
GABA 4 receptors [2, 10-15].

Adenosine A|R and A;5R are widely distributed in the
CNS. The AR is expressed in pre- and post-synaptic sites
[16, 17] with its greatest expression on the cortex, cerebellum,
and hippocampus [16, 18, 19]. The A, R is mostly expressed
in the basal ganglia but it is also present in the cortex and
hippocampus, with pre- and post-synaptic actions being re-
ported [20-24].

Adenosine is a homeostatic regulator of neuronal function,
and therefore the blockade of its receptors by caffeine impacts
on central nervous system activity. This has been explored in
the context of the putative therapeutic actions of caffeine.
Indeed, since A,AR can promote excitotoxicity, several stud-
ies have looked for neuroprotective effects of caffeine or re-
lated compounds in neurodegenerative diseases, including
memory impairment observed in Alzheimer’s disease (AD)
or aging [14, 25, 26]. In addition, several studies have identi-
fied an effect of caffeine on synaptic plasticity, learning, and
memory, which is usually observed after long-term caffeine
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treatment, and demonstrate an improvement in hippocampus-
dependent learning, short-term memory, and LTP, in animal
models for AD, sleep deprivation, or aging [27-29].

The AR antagonism is responsible for the excitatory effect
of caffeine upon synaptic transmission, while A,,R antago-
nism mediates the inhibitory action of caffeine upon synaptic
plasticity [28, 30]. N-methyl-D-aspartate receptor (NMDAR)
is an ionotropic glutamate receptor involved not only in sev-
eral forms of synaptic plasticity but also in excitotoxicity due
to its Ca**-permeable ion channel properties [31, 32]. Direct
evidence for post-synaptic modulation of hippocampal
NMDA receptors by adenosine AR has been obtained long
ago [33, 34], while A,5R has been recently reported as post-
synaptic modulators of NMDA receptors at the hippocampus
of young adult rats [24]. A;4R is also known to interact with
other neurotransmitter receptors to control NMDA receptor
activity at the hippocampus [35-40].

The impact of adenosine A;R- and A, R-mediated
NMDA receptor modulation for neuroprotection, synaptic
plasticity, learning, and memory has been repeatedly
highlighted and discussed [24, 35, 41-46]. Since caffeine an-
tagonizes AR and A, 4R, and since these receptors co-exist at
different levels at the tripartite synapses, frequently having
opposite roles in neuronal function, it is of uttermost impor-
tance to understand how this widely consumed substance
modulates a receptor that also has a dual role on synapses.
Therefore, the aim of this work was to evaluate the acute effect
of caffeine on NMDAR-mediated currents of pyramidal neu-
rons of the hippocampal Cornu Ammonis 1 region (CA1), as
well as to evaluate the contribution of this action of caffeine on
Ca”* signaling in hippocampal neurons.

Experimental procedures

All experimental procedures were performed according to
European Community Guidelines (Directive 2010/63/EU)
and the Portuguese Law (DL 113/2013) for animal care for
research purposes and were approved by the “Instituto de
Medicina Molecular Jodo Lobo Antunes” Internal
Committee and the Portuguese Animal Ethics Committee-
Direc¢do Geral de Veterinaria.

Whole cell patch clamp recordings

Young mice Balbc/ByJ males (PN35-48 days) were deeply
anesthetized with isoflurane and euthanized by decapitation.
The brain was quickly removed and hemispheres isolated for
hippocampal dissection in 4 °C dissecting solution containing
(in mM) sucrose 110; KC12.5; CaCl, 0.5; MgCl, 7; NaHCO;
25; NaH,PO,4 1.25; and glucose 7, pH = 7.4, aired with 95%
0, and 5% CO,. Transversal hippocampal slices (300 pm
thick) were made using a vibratome (Leica VT 1000S; Leica
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Microsystems, Germany) routinely in the laboratory (e.g.,
[24]). Slices were then incubated for 30 min at 35 °C in arti-
ficial cerebrospinal fluid (aCSF) containing (mM) NaCl 124;
KClI 3; NaH,PO, 1.25; NaHCOj3 26; MgSO, 1; CaCl, 2; and
glucose 10, pH 7.4, gassed with 95% O, and 5% CO,, and
then allowed to further energetic recover at room temperature
for at least 1 h, before starting recordings. Throughout the
recording period, the aCSF was supplemented with 5 uM gly-
cine and no Mg>* was added.

Forrecordings, individual slices were fixed witha gridina
recording chamber and continuously superfused with modi-
fied aCSF (supplemented with 5 uM glycine and no Mg**) at
room temperature by a gravitational superfusion system at 2—
3 mL/min. NMDAR-mediated synaptic currents were phar-
macologically isolated with the addition of picrotoxin
(GABA receptor blocker—50 uM) and 6-cyano-7-
nitroquinoxaline-2,3-dione disodium salt hydrate (CNQX—
«-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR) blocker—10 pM) to the perfusion medi-
um (modified aCSF) during all recording time. Recorded sig-
nals were allowed to stabilize for at least 10 min before the
addition of any test drug. Tested drugs were added to the
superfusionsolution; 0 mininthetime-course figuresindicate
the time at which the changeover of solutions was initiated.
When caffeine was tested in presence of other drug, caffeine
wasaddedtosuperfusionsolutionatOmin,whiletheotherdrug
was added atleast for 1 0 min, before caffeine addition, during
the baseline period, as indicated in the time-course figures.
Wheneverchangingsolutions,around2—-3 minelapsed before
the new solution reaches the recording chamber.

Patch pipettes (4—9 MS2) were pulled from borosilicate
glass capillaries (1.5-mm outer diameter, 0.86 inner diameter,
Harvard Apparatus) with a PC-10 Puller (Narishige Group)
and filled with an intracellular solution containing (mM) K-
gluconate 125; KC1 11; CaCl, 0.1; MgCl, 2; EGTA 1; HEPES
10; MgATP 2; NaGTP 0.3; and phosphocreatine 10, pH 7.3,
adjusted with KOH (1 M), 280-290 mOsm. Electrode posi-
tioning and cell selection were performed under visual guid-
ance using a Carl Zeiss Axioskop 2FS upright microscope
(Jena, Germany) equipped with a differential interference
contrast-infrared (DIC-IR) CCD video camera (VX44, Till
Photonics, Gréfelfing, Germany).

Recordings from CA1 pyramidal cells were performed
in voltage-clamp mode (Vh =—60 mv) with an Axopatch
200B amplifier (Axon Instruments, CA, USA). Excitatory
post-synaptic currents (EPSCs) were electrically evoked
every 15 s by an electric pulse delivered through a bipolar
concentric electrode (Advent Research Materials) placed
on the side fibers of Schaffer collaterals. For the paired-
pulse facilitation (PPF) assessment, 2 pulses separated by
250 ms were delivered every 15 s. The junction potential
was not compensated for and offset potentials were nulled
before giga-seal formation. Small voltage steps (5 mV,

50 ms) were delivered throughout the experiment to mon-
itor the access resistance; the holding current was also con-
stantly monitored and when any of these parameters varied
by more than 20%, the experiment was rejected. The cur-
rent signal was low-pass filtered using a 3- and 10-kHz
three-pole Bessel filter, digitized at 10 kHz using a
Digidata 1322 A board, and registered by the Clampex soft-
ware version 10.2 (Molecular Devices, Sunnyvale, CA,
USA). Data analysis was performed with Clampfit 10 (in-
cluded in pCLAMP 10).

Primary culture of neurons

Primary purified neuron cultures were prepared according to
established methodology (e.g., [47]). Briefly, Sprague-
Dawley fetuses (pre-natal day 18/19) were sacrificed and their
brains used to grow primary neuronal cultures. The fetuses
were collected in Hank’s balanced salt solution (HBSS), their
cerebral cortex together with the hippocampus was isolated,
the meninges were removed, and the tissue was prepared for
co-culture. The obtained tissues were mechanically
fragmented and digested with 10% (v/v) trypsin-
ethylenediaminetetraacetic acid (EDTA) in HBSS for
15 min at 37 °C. Trypsin action was stopped with the addition
of a solution with 30% (v/v) fetal bovine serum (FBS) in
HBSS, followed by 3x centrifugation at 1200 rpm
(Eppendorf, 5810R, Hamburg, Germany); in each cycle, the
medium was discarded and renewed with 30% (v/v) FBS in
HBSS solution. After the last centrifugation, cells were resus-
pended in supplemented Neurobasal medium (0.5 mM L-glu-
tamine, 25 uM glutamic acid, 2% (v/v) B-27, and 12 pg/mL
gentamycin). Cells were strained through a nylon filter
(70 um), and then 200 pl of the supernatant with an average
density of 5000 cells per well was plated in 9.4 X 10.7 x 6.8
(mm) 8-well glass-bottom plates (ibidi GmbH, Martinsried,
Germany) previously coated with Poly-D-lysine (PDL) for at
least 2 h and washed 3 times with sterile water. Until the day
of the experiments, the plated cells were maintained in a hu-
mid atmosphere (5% CO,) at 37 °C with 150 ul of Neurobasal
growth medium being added on the seventh day of culture
(DIC).

Ca* imaging

Ca** signaling recordings from cultured neurons were done as
before [48]. Ibidi plates were mounted on an inverted micro-
scope (Axiovert 135TV, Zeiss) with a xenon lamp and 340-
nm and 380-nm wavelength bandpass filters. Throughout the
experiment, the cells were kept at 37 °C in a humid atmo-
sphere. During the first 5 min of the trial, baseline Ca”* levels
were established. Test drugs were then applied directly to the
medium with a pipette. At the end of the experiment, the Ca>*
ionophore, ionomycin (2 uM), was added and only the cells
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that clearly responded to ionomycin with a clear increase in
the 340/380 nm ratio were considered for statistical analysis.
Zero minutes in the time-course figures represent the time
when recordings begun.

Image pairs were taken every 10 s with excitation wave-
lengths of 340 and 380 nm and then used to obtain respective
ratio images. The excitation wavelengths were changed using
a high-speed wavelength switch, Lambda DG-4 (Sutter
Instrument, Novato, CA, USA), and the emission wavelength
was set to 510 nm. Image data were recorded by a CCD
camera (Photometrics CoolSNAP fx) and processed and ana-
lyzed by MetaFluor software (Universal Imaging, West
Chester, PA, USA). The regions of interest were obtained by
profiling the cells and averaging fluorescence intensity within
the delimited area. Intensity values were converted to the 340/
380 nm ratio and all values in each cell were normalized to the
first recorded ratio.

Ca** imaging analysis

The frequency of Ca®* transients was determined with
MATLAB and Statistics Toolbox Release 2016a, The
MathWorks, Inc. (Natick, MA, USA), with a specific
roadmap. In the first 5 min of the experiment, a baseline
was obtained. Mean and standard error of the mean
(S.E.M) of all data recorded by each cell was obtained.
Transient validation was performed as described by [49]
with some modifications. Cells that had spontaneous Ca**
transients during the first 5 min of the experiment were
discarded from the statistical analysis. For a Ca”* transient
to be considered valid, the following criteria had to be met:
only if the fura-2 excitation wavelength 340-nm and 380-
nm (F340/380) ratio transient was greater than the mean of
baseline values plus 15 times the S.E.M. of the baseline
values that Ca®* transient would be considered. In addi-
tion, the normalized ratio must be above this margin for
more than 10 s and less than 700 s. For each region of
interest, the peak of each transient, as well as the occur-
rence of transients, was recorded.

Statistical analysis

The statistical analysis was obtained utilizing the software
GraphPad Prism 6.01 (GraphPad Software, Inc.). The
paired data with two data groups were analyzed using ei-
ther Student’s ¢ test or Wilcoxon matched-pairs signed-
rank test. Data with more than two groups analyzed were
analyzed by a univariate or multivariate ANOVA followed
by the Bonferroni post hoc test. The data are expressed as
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mean £+ S.E.M. For all tests, p <0.05 was considered to be
statistically significant.

Results

Caffeine enhances NMDAR-mediated synaptic cur-
rents, an action mimicked by a selective A;R
antagonist

The effect of caffeine on synaptic currents mediated by
NMDAR in CA1 hippocampal pyramidal neurons of adoles-
cent mice is summarized in Fig.1. At a concentration
(200 uM) that fully blocks adenosine receptors [11, 12], it
caused a fast and significant increase (47 = 12%, n=16 cells
from 16 slices from 8 mice, p < 0.005) in the amplitude of
NMDAR-mediated currents (Fig. 1a,c). At this concentration,
caffeine also affects other signaling mechanisms besides
blockade of adenosine receptors, as inhibition of phosphodi-
esterases and Ca®* release from intracellular stores, among
others [11, 12], which could be responsible for an excitatory
action upon synaptic transmission. To find out whether the
facilitation of NMDAR currents by caffeine could be attribut-
ed to antagonism of adenosine receptors, we designed three
independent experiments aiming (1) to test the action of caf-
feine at a concentration (30 uM) that, though submaximal in
what respects adenosine receptor blockade, is known to cause
minimal effects on phosphodiesterases or other signaling
mechanisms [11, 12]; (2) to compare the action of caffeine
with the action of a selective antagonist of the inhibitory
AR receptor; (3) to test whether the facilitatory action of
caffeine could be occluded by previous blockade of adenosine
AR

Caffeine (30 uM) also enhanced the peak amplitude of
NMDAR-mediated EPSCs (% increase: 47 +16%, n =9 cells
from 9 slices from 5 mice, p < 0.03%, Fig. 1a,c), the magni-
tude of the effect being similar to that obtained with 200 uM
(Fig. 1a,c). The selective AR antagonist, DPCPX (50 nM),
also increased the amplitude of the NMDAR-mediated EPSCs
(% increase: 54 +14%, n =6 cells from 6 slices from 4 mice,
p<0.03% Fig. 1a, c), though with a slightly slower time
course than caffeine (Fig. 1a). Importantly, in slices that had
been previously incubated with DPCPX for 15 min before
testing the effect of caffeine, this xanthine was unable to fur-
ther facilitate NMDAR-mediated EPSCs (% change of cur-
rents caused by caffeine in the presence of DPCPX: 1.8+
8.4%, n=9 cells from 9 slices from 5 mice Fig. 1b,c).

Altogether, these results indicate that the main mechanism
operated by caffeine to increase NMDAR-mediated synaptic
currents at the hippocampus is the blockade of A|R.
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Fig. 1 Caffeine, through AR, increased the amplitude of NMDAR
receptor—mediated synaptic currents. Representative trace of NMDAR
currents recorded from one cell before (basal, black trace) and at
10 min after starting perfusion of 200 uM caffeine (red trace). a Time
course (left panel) and representative EPSCs (right panels) of the effect of
caffeine (30 uM or 200 uM) or of the selective AR antagonist, DPCPX
(50 nM). The horizontal bar in the left panel represents the time of drug
perfusion. Each value represents the averaged amplitude of 8 consecutive
responses (2 min). b Time course (left panel) and representative EPSCs
(right panel) of the effect of caffeine (200 pM) in the presence of DPCPX
(50 nM). In these experiments, DPCPX was present throughout the re-
cordings and caffeine was added in its presence, as indicated by the
horizontal line in the left panel; the representative EPSCs in the right
panel are from one cell in DPCPX before (dark trace) and 15 min after
adding caffeine, keeping the presence of DPCPX (green trace). ¢
Averaged increase in current amplitude caused by the different

The facilitatory action of caffeine upon NMDAR-
mediated EPSCs cannot be attributed to a pre-
synaptic facilitatory action upon glutamate release

Adenosine AR are known to inhibit the release of neurotrans-
mitters, including the release of glutamate by hippocampal
glutamatergic nerve terminals [44, 50, 51]. Therefore, we first
hypothesized that caffeine was enhancing NMDAR-mediated
EPSCs through a pre-synaptic facilitatory action that would
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experimental conditions shown in panels a and b. Basal values have been
normalized to 1 in each experiment, and represent the amplitude of the
currents recorded for 10 min before addition of the test drug (—386.3

95.49 pA before caffeine 200 uM; —160.4 + 18.84 pA before caffeine
30 uM; —290.6 £72.05 pA before DPCPX 50 nM and — 396.6 +

144.8 pA before caffeine in the presence of DPCPX 50 nM). Drug effect
was measured by averaging responses recorded for the last 2 min of drug
perfusion. Data are mean + S.E.M; n values are indicated in each bar and
represent the number of cells tested, from the same number of slices from
different animals (see text for details); only one drug condition was tested
in each cell and slice. *p < 0.05 as compared with basal values; *p < 0.05
while comparing the effect of caffeine in the absence or presence of
DPCPX; ns: p>0.05 as compared with basal values. One-way
ANOVA followed by the Bonferroni post hoc test. Note that DPCPX
mimicked and prevented the excitatory effect of caffeine

lead to increased availability of glutamate to activate
NMDARs. To test this hypothesis, we evaluated the influence
of caffeine upon paired-pulse facilitation (PPF, measured as
the ratio between 2nd and 1st NMDAR-mediated EPSC am-
plitude, interstimulus interval of 250 ms). PPF results from the
transient accumulation of calcium inside the nerve terminal
due to the two consecutive stimuli and reflects the synaptic
release probability, so that the lower the release probability,
the higher the PPF [52, 53]. Therefore, drugs that facilitate
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<« Fig. 2 Influence of caffeine (200 uM) (a), of the AR agonist, DPCPX
(50 nM) (c), and of the A,oR antagonist SCH58261 (50 nM) (d) on
paired-pulse facilitation (PPF) of NMDAR-mediated synaptic currents
(presented as the ratio between 2nd and 1st NMDA-EPSC amplitude).
In b are shown results from experiments where no drugs were added but
the solutions were changed and time of recording kept the same as for
testing drugs. PPF values (left panels) and representative current traces
(right panels) before (basal) and after 10 min after changeover of solutions
to the conditions indicated below each bar (left panels) or next to the
tracings (right panels). Data are represented as mean + S.E.M; n values
are shown in each bar and indicate the number of cells tested from an
equal number of slices and animals. *p < 0.05, ns: p>0.05 as compared
with basal values before changeover of solutions (Wilcoxon signed-rank
test). Note that the A, 4R antagonist, SCH 58261, but not DPCPX, mim-
icked the increase in PFF caused by caffeine

neurotransmitter release are expected to cause a decrease in
PPF. Surprisingly, caffeine increased PPF of NMDAR-
mediated EPSCs (Fig. 2a: Basal: 1.34 +0.08, n =11 cells from
11 slices from 6 mice; Caffeine: 1.70£0.19, n =11 cells from
11 slices from 6 mice p < 0.03), precluding the possibility that
its facilitatory action on NMDA-mediated EPSCs would re-
sult from a facilitation of glutamate release.

Blockade of pre-synaptic A,,R is likely involved in a
pre-synaptic inhibitory action of caffeine upon
transmission

The next series of experiments were designed to understand
the nature of the increase in PPF observed in the presence of
caffeine. To control for the possibility of a time-dependent
run-down of neurotransmitter release leading to a time-
dependent increase in PPF, we performed control recordings
in the absence of caffeine, keeping the recording time similar
to that in the caffeine protocols. Under these control condi-
tions, PPF was not increased (Fig. 2b: Basal: 1.22+0.06, n =

6 cells from 6 slices from 4 mice; % change: 1.19+0.03,n=6
cells from 6 slices from 4 mice, p > 0.05).

We then compared the action of caffeine upon PPF with
that of selective AjR or A,sR antagonists. The enhancement
in PPF caused by caffeine could not be attributed to adenosine
AR blockade because it was not mimicked by DPCPX (Fig.
2¢: Basal: 1.31+0.10, n="7 cells from 7 slices from 5 mice;
DPCPX: 1.20+0.04, n="7 cells from 7 slices from 5 mice). It
was, however, mimicked by SCH 58261 at a concentration
(50 nM), selective antagonist for adenosine A,,R [54-56]
(Fig. 2d, Basal: 1.42+0.08, n=6 cells from 6 slices from 4
mice; SCH 58261: 1.90£0.30, n = 6 cells from 6 slices from 4
mice, p <0.03).

Altogether, this data suggests that caffeine modulates
NMDAR-mediated synaptic currents in two ways: by
blocking AR, it likely causes a post-synaptic enhancement

of transmission, and by blocking A,AR, it likely decreases
availability of glutamate to activate NMDARs.

Caffeine enhances neuronal intracellular Ca%*
through AR blockade

Considering the relevance of intracellular Ca®* levels for both
neurotransmitter release and for the NMDAR-mediated sig-
naling cascade, and considering that caffeine can affect intra-
cellular Ca** levels, either through adenosine receptor—
dependent and adenosine receptor—independent ways [2, 12,
13], we tested the influence of caffeine on intracellular neuro-
nal Ca" levels and assessed the role of A|R and A,R selec-
tive antagonists in that action. We evaluated Ca®* signaling by
the fluorescence intensity response of Fura2 after consecutive
stimulation at 340 nm and 380 nm, and quantified in individ-
ual cells the ratio between the two responses (F340/380,
Fig. 3c). In a first set of experiments, we tested each drug
individually as well as the time-dependent change in the sig-
naling (protocol as in Fig. 3a). Recordings for 35 min after
mimicking a drug change (aCSF for aCSF) did not lead to
appreciable modifications in the F340/380 ratio (Fig. 3d-e).
Caffeine (200 M) caused an increase (p < 0.03) in the basal
F340/380 ratio (Fig. 3d—g) as well as increased the frequency
of transient Ca®* signaling events (Fig. 3, j; Frequencygasai:
0.25+0.06 Ca>" Events/5 min, n=42 4; Frequencycaffeine:
0.78+0.10 Ca’* Events/5 min, n=180 11 p<0.04).
DPCPX (50 nM) mimicked the effect of caffeine upon basal
Ca”* levels (Fig. 3d, h) as well as upon the frequency of
spontaneous events (Fig. 3 h, j; Frequencyppcpx: 0.89£0.19
Ca”* Events/5 min, n=57 3, p<0.04 vs basal). In contrast,
SCH 58261 (50 nM) did not appreciably affect either basal
Ca”* levels (Fig. 3d, k) and even decreased by near one-half
the frequency of spontaneous events (Fig. 3m,
Frequencyschssaei: 0.11 £0.04 Ca”* Events/5 min, n=>543
vs Frequencyg,sa: 0.25+0.06 Ca** Events/5 min, n=42 4),
though this effect did not prove statistically significant.

Next, we evaluated whether a pre-incubation with each of
the selective adenosine receptor antagonists could blunt the
action of caffeine. Upon addition of DPCPX (50 nM), an
initial rise in the F340/380 ratio was detected (Fig. 3i) in
agreement with the data obtained in the previous experiments
(Fig. 3h). After 15 min in DPCPX, we added caffeine
(200 uM), keeping the presence of DPCPX. Under such con-
ditions, the F340/380 ratio started to decrease back to initial
levels (Fig. 31), suggesting that caffeine has an inhibitory ac-
tion upon intracellular Ca?* levels, which can be detected
when AR is blocked. The frequency of signal transients
was also decreased by caffeine (200 uM) in the presence of
DPCPX (p<0.04 when comparing DPCPX alone with
DPCPX with caffeine), towards values (Frequencyppcpx +
Caffeine: 0.16 +0.04 Ca®* Events/5 min, n =28 3) even slightly
lower than those detected before addition of any drug (Fig. 3j).
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«Fig. 3 Caffeine exposure increases intracellular Ca®* levels and the
frequency of Ca" transients in neuron cell culture. a, b Time lines
representing the order and timing for each drug administration. ¢ Ca*
imaging and representative images of relative fluorescence in 340 and
380 nm. d Representative images of neurons kept all time in saline (first
row) or to be challenged (immediately after min 5) with caffeine
(200 uM), DPCPX (50 nM), and SCH 5861 (50 nM), as indicated in
the left panel of each row; the recording times are indicated in the top
panel of each column; the last column shows the response to the Ca**
ionophore ionomycin (2 pM), to access maximum Ca®* increase, thus an
indirect way of accessing cell viability before ionomycin; min 5 (first
column) shows responses immediately before addition of drugs. The
time course panels show representative tracings (one tracing per cell) of
the changes of the ratio between responses to F340 and F380 nanometer
wavelength (F340/F380) during exposure to saline (e), caffeine (f),
DPCPX (h), caffeine in the presence of DPCPX (i), SCH 58261 (k),
caffeine in the presence of SCH 58261 (1), as indicated by the
horizontal bars; in each cell, the tracings have been normalized, so that
the first ratio of the first recording was taken as 1. Panel g illustrates the
averaged F340/F380 ratio recorded at 0—5 min in the absence of caffeine
and at 40-45 min in the presence of caffeine, as indicated below the bars.
Panels j and m show averaged frequency of Ca®* transients recorded
during exposure to the drug conditions indicated below each bar.
Values in similar drug conditions in j and m are from the same cells
and are repeated to allow comparisons. Data in g, j, and m are represented
as mean + S.E.M; n values are indicated below each bar and correspond to
the number of cells/taken from the identified number of independent
cultures. *p <0.05; ns: p > 0.05 as compared with control values in saline;
#p<0.05 as compared with values with caffeine in the absence of the
selective adenosine receptor antagonists (Mann-Whitney test in g; two-
way ANOVA followed by Bonferroni post hoc test in j and m). Scale bar
in ¢: 20 um and d: 10 pm, and applies to all images in the same panel

Considering that inhibitory action of caffeine in the presence
of DPCPX had similarities with the effect of the selective A,AR
antagonist, SCH 58261 (50 nM), when applied alone, we hy-
pothesized that it could result from blockade of A;R. If so, the
effect should be blunted by the presence of SCH 58261. It was
indeed the case, as can be concluded from the data in Fig. 3m.
When caffeine (200 uM) was applied in the presence of SCH
58261, it not only did not inhibit the frequency of Ca** signals,
but even tended to increase the frequency towards a value
(Frequencysciiss2o1 + Caffeine: 045 +0.22 Ca®* Events/5 min,
n =28 3) intermediate from that observed with caffeine alone
and in absence of any drugs (Fig.31, m).

We then tested the effect of a lower concentration of caf-
feine (30 uM) to mitigate its adenosine receptor—independent
action upon mobilization of intracellular Ca®* stores. We con-
firmed that even at this lower and submaximal concentration,
caffeine could promote an increase in the frequency of Ca**
transients (Fig. 4a—c: Frequencypgsa: 0.29 £0.07 Ca’" Events/
5 min, n=43 4; Frequencycagteine 30 ym: 0.61+0.08 Ca’*
Events/5 min, n =48 2, p < 0.009), though being virtually de-
void of effect in basal Ca** levels.

Altogether, these results suggest that caffeine can act at
least in two opposite ways to control intracellular Ca®* levels
in neurons: (1) through blockade of AR leading to increases
in basal Ca®* levels as well as to increases in Ca”" transients;

(2) through blockade of A, AR leading to decreases in intra-
cellular Ca*, an action only evident when AR is blocked,
indicating that the predominant action of caffeine is a result of
AR blockade.

NMDAR is involved in the facilitatory action of
caffeine upon intracellular Ca®* levels

It is well known that NMDAR is permeable to Ca** [57]. We
therefore assessed whether the A;R-mediated facilitatory ac-
tion of caffeine upon NMDAR could be related to the facili-
tatory action of this xanthine upon intracellular Ca®* levels. To
test this possibility, we evaluated the effect of caffeine upon
Ca”* signaling in neurons in presence of a NMDAR blocker,
DL-2-amino-5-phosphonopentanoic acid (AP5). When ap-
plied alone, AP5 (50 uM) was virtually devoid of effect upon
basal F340/380 ratio (Fig. 5b) as well as upon the frequency of
the signal transients (Fig. 5d, Frequencyggaga: 0.29 £0.07
Ca**Events/5 min, n=43 4; Frequencyaps: 0.18 £0.04
Ca®*Events/5 min, n =79 4). Importantly, caffeine applied in
the presence of AP5 could no longer increase either the basal
Ca** levels (Fig. 5a—d) or the frequency of the transients (Fig.
5d, Frequencyaps 4 caffeine: 0-23 £0.06 Ca’"Events/5 min, n =

40 4). As expected, the effect of caffeine alone was signifi-
cantly different (p < 0.007) from that of caffeine in the pres-
ence of AP5 (Fig. 5d). Altogether, these data show that Ca**
entry through NMDAR contributes to the facilitatory action of
caffeine upon intracellular neuronal Ca** signaling.

Discussion

We herein describe for the first time that acute caffeine in
micromolar concentrations facilitates NMDAR-mediated
synaptic currents and Ca** signaling on hippocampal neu-
rons and that this effect results from A;R blockade. The
facilitation of synaptic currents could not be attributed to
an increase in the pre-synaptic release of glutamate.
Conversely, caffeine seems to cause a decrease in gluta-
mate release, an action mimicked by an A,,R antagonist
suggesting that it may result from A, R blockade. The net
effect of caffeine on synaptic NMDAR-mediated currents
is, however, a facilitatory one, indicating that under the
conditions used, the A;R-mediated actions prevail over
the A, R-mediated ones, which is not surprising on the
light of the relative distribution of the two high-affinity
receptors at the hippocampus [17, 18]. Concerning the ef-
fect of caffeine on Ca’* transients in neurons, we also
observed a facilitation mediated by A;R blockade. The
caffeine-induced enhancement of Ca”* transients clearly
involved activation of NMDAR, since it was fully
prevented in the presence of a NMDAR antagonist. This
highlights an inhibitory action of A;R upon Ca®* entry
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Fig. 4 At a lower concentration (30 uM), caffeine also increases the
frequency of Ca®" transients in neurons. a Representative images of
neurons taken immediately before adding caffeine (left image); caffeine
was added at 5 min; the images displayed were taken at the times
indicated above each recording; the last image shows the response to
the Ca?* ionophore ionomycin (2 uM), to access maximum Ca®*
increase, thus an indirect way of accessing cell viability before
ionomycin. b Representative tracing of time-course changes of the ratio
between responses to F340 and F380 nanometer wavelength during

through NMDAR in hippocampal neurons. Interestingly,
when the AR was blocked, caffeine slightly decreased
Ca”" signals, an effect mimicked by an A,sR antagonist.
Again, the facilitation by caffeine prevails upon the inhib-
itory action when both high-affinity adenosine receptors
were available to be blocked.

On the light of the known actions of adenosine receptors
upon hippocampal synaptic transmission, the relative dis-
tribution of A;R and AR in hippocampal neurons, their
predominance in pre-synaptic vs post-synaptic sites at hip-
pocampal synapses [23, 58], as well on the similar affinity
of caffeine for AR and A,AR [12, 59], one would expect
that most of the actions of caffeine upon glutamatergic
transmission would be to canceal the pre-synaptic inhibi-
tory action of AR upon glutamate release. This has been
the canonic interpretation for the facilitatory actions of caf-
feine upon hippocampal synaptic transmission [28, 56, 60],
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exposure of one of the cells to caffeine; the tracing has been normalized
so that the first ratio of the first recording was taken as 1. Panel ¢ shows
averaged frequency of Ca>* transients recorded during caffeine perfusion;
data are represented as mean = S.E.M; n values are indicated below each
bar and correspond to the number of cells/taken from the identified num-
ber of independent cultures. **p <0.01 as compared with control values
in saline (Wilcoxon signed-rank test in ¢). Note caffeine 30 M, mim-
icked effect of caffeine 200 tM on the frequency of Ca®* transients. Scale
bar in a: 10 um, and applies to all images

long-term potentiation [28], and induction of a non-NMDA
form of synaptic plasticity [61].

Due to the relevance of NMDARSs not only for synaptic
platicity, cognition, memory, learning [31, 32], synapse
formation, remodeling, elimination [62], neuronal migra-
tion [63], proliferation, and differentiation [64], but also
for excitotoxicity [65], we focused on the possibility that
caffeine could modulate the NMDAR-mediated compo-
nent of glutamatergic transmission. Our data showing that
caffeine ehances the NMDAR-mediated component of
synaptic currents, through a mechanism that could not be
related to pre-synaptic facilitation of neurotransmitter re-
lease, suggests that endogenous adenosine is tonically
inhibiting NMDARs. Since this action was mimicked by
DPCPX and occluded by prior application of DPCPX, the
adenosine receptor involved in this tonic modulation might
belong to the A;R subtype. This conclusion agrees with
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previous reports that post-synaptic very high-affinity aden-
osine A|Rs inhibit NMDA currents in dissociated
hipocampal neurons [33] and highlights a role for endoge-
nous adenosine as modulator of NMDAR function.
Importantly also, we could show that it impacts in
NMDAR-mediated Ca®* oscillations in neurons.
Glutamatergic synaptic maturation is highly dependent of
synaptic NMDAR activation and Ca>* oscillations at crit-
ical time points during development [66]. Thus, proper
adjustment of endogenous modulation of NMDARs might
be required for appropriate synaptic maturation. Caffeine
exposure during gestation has been shown to affect matu-
ration of GABAergic neurons, an action likely mediated by
both AR [67] and A, AR [68]. The present study showing
that caffeine modulates synaptic responses and Ca®* oscil-
lations mediated by NMDARSs points towards the possibil-
ity that exposure to caffeine during critical developmental
periods may also affect fine tuning of glutamatergic cir-
cuits, a possibility clearly deserving future research.

The adenosine A;R-mediated protection against
excitotoxicity has been mostly associated to its ability to
inhibit glutamate release, whereas AR activation leads to
excitotoxicity exacerbation [20, 44, 45] and so, neuropro-
tective actions of caffeine are usually a consequence of
A, AR blockade. Since there is plenty of evidence on the
neuroprotective actions of caffeine to delay neurodegener-
ative disease progression, caffeine is frequently referred as
having predominant A,;sR antagonistic properties. This
might be so in brain areas, as the basal ganglia, where
A AR predominate, or in situations where A,5R activity
gains particular relevance, as in neurodegeneration or ag-
ing, where there is an upregulation of A;5R [69]. But we
now used young animals and as we show, at this age, AjR
antagonism by caffeine prevails over A;,R antagonism to
influence NMDAR at the hippocampus.

Evidence that tonic activation by AR can protect neu-
rons by decreasing NMDAR overactivation under hypoxic
conditions has already been published and has been
interpreted as a consequence of inhibition of neurotrans-
mitter release [41]. The present work adds a further piece
to the puzzling role of neuroprotection by adenosine by
showing for the first time results compatible with the con-
clusion that tonic AR activation by endogenous adeno-
sine inhibits NMDAR-mediated responses in hippocampal
neurons. As we also show, this inhibition impacts on Ca®*
homeosthasis, therefore, has a putative protective influ-
ence upon excitotoxicity, independently of the A1R-
mediated ability to inhibit glutamate release.

Somehow surprising was the influence of the selective
A, AR antagonist upon paired pulse facilitation of
NMDAR-mediated EPSCs, an action mimicked by caf-
feine and compatible with a tonic facilitatory action of
A>AR upon glutamate release. The selective AR

antagonist was devoid of effect upon PPF. This could re-
sult from the absence of pre-synaptic AR activation on
glutamatergic nerve terminals, which is highly unlikely,
considering the well-known influence of AR to pre-
synaptically inhibit glutamate release at the hippocampus
[50, 51, 70]. Indeed, while mostly assessing AMPA
receptor—mediated synaptic transmission through field ex-
citatory synaptic potential recordings, it has been observed
that DPCPX [71, 72], as well as caffeine due to pre-
synaptic AR blockade [30], inhibit PPF. Alternatively,
our data may indicate that the levels of endogenous aden-
osine in our experimental conditions are not enough to
activate pre-synaptic inhibitory AR, though being enough
to activate the AR inhibitory post-synaptic receptors that
reduce NMDAR function. This possibility agrees with re-
ports that effective concentrations of adenosine are at least
one order of magnitude lower to inhibit NMDAR-mediated
currents [33] than to inhibit synaptic fast excitatory synap-
tic transmission at the hippocampus [50, 51]. If so, one has
to assume either that (1) pre-synaptic inhibitory AR re-
ceptors have lower affinity for adenosine and/or lower ef-
ficacy to control release than pre-synaptic AR, or that (2)
a facilitation of glutamate release due to pre-synaptic AR
blockade does not affect NMDAR-mediated responses,
whereas an inhibition of glutamate release due to blockade
of A,sR-mediated facilitation does. Though we cannot
preclude the first possibility (affinity/efficacy differences),
the second one seems likely. Thus, to activate synaptic
NMDAR, there is a need of strong pre-synaptic stimulation
and therefore the consequences of a further facilitation of
glutamate release may be more difficult to detect than the
consequences of inhibition of glutamate release. NMDAR
activation may lead to further activation of NMDAR-
mediated responses [73] and this could hamper the in-
crease in EPSC caused by the second stimulus when the
release is facilitated by AR blockade. This ceiling effect is
likely mitigated when release probability is lowered due to
blockade of A, ,R-mediated facilitation. We can also argue
that paired-pulse facilitation of NMDAR-mediated cur-
rents encompasses a post-synaptic component besides a
pre-synaptic one [74], and therefore the alterations of
PPF caused by the A,,R antagonist and caffeine should
not be interpreted only on the basis of a decrease of neu-
rotransmitter release due to blockade of pre-synaptic
A, ARs. Indeed, AyAR activation can post-synaptically fa-
cilitate NMDAR-mediated currents at the hippocampus
[24] and can trigger a NMDAR-dependent form of LTP
in hippocampal areas where plasticity is mostly non-
NMDAR dependent [35]. A,AR are also known to facili-
tate synaptic plasticity phenomena both ex vivo [30] and
in vivo [75]. How these A, R-mediated actions would af-
fect a putative post-synaptic component of the NMDA PPF
is difficult to predict.
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interpreted as resulting from antagonism of A; and A,  were required to observe the facilitatory and the inhibitory
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«Fig. 5 The increase in intracellular Ca** levels and induction of Ca**
transients caused by caffeine (200 uM) is mediated by NMDAR. a
Representative images of neurons taken at the times indicated on the
top of the images; the first row shows images taken from neurons where
only the effect of the NMDAR antagonist, AP5 (50 uM), was tested; the
second row shows images from neurons where the effect of caffeine in the
presence of AP5 was tested; the first image in each row was taken imme-
diately before adding any drug (5 min) and the last image in each row
represents the response to the Ca** ionophore, ionomycin (2 uM), added
to access maximum Ca>* increase, thus an indirect way of accessing cell
viability before ionomycin; in both rows, the neurons were exposed from
5 min onwards to AP5 (50 uM); in the lower row, the neurons were then
further exposed to caffeine (200 uM), which was added at 20 min, there-
fore between the 2nd and 3rd image. Panels b and ¢ show representative
tracings (one tracing per cell) of the time-course changes of the ratio
between responses to F340 and F380 nanometer wavelength during ex-
posure to APS only (b), or caffeine in the presence of APS (¢), which were
added at the times indicated by the horizontal bars; in each cell, the
tracings have been normalized so that the first ratio of the first recording
was taken as 1. Panel d shows averaged frequency of Ca’* transients
recorded in the drug conditions indicated below each bar; values under
similar drug conditions than those in Fig.4 j and m are the same and are
repeated here to allow comparisons; data are represented as mean +
S.E.M; n values are indicated below each bar and correspond to number
of cells/taken from the identified number of independent cultures.
*p <0.05; ns: p>0.05 as compared with control values in saline;
#1<0.01 as compared with values with caffeine in the absence of the
selective NMDAR antagonists (Two-way ANOVA followed by the
Bonferroni post hoc test in d. Scale bar in a: 10 pum, and applies to all
images

Fig. 6 Schematization of caffeine P re sy na pti C
action on its adenosine receptors
targets and their impact in neuron

NMDAR-mediated responses. At
the post-synaptic level caffeine
acts via AR blockade, affecting
Ca®* homeostasis by promoting
an increase in Ca®* entry through
NMDAR. At the pre-synaptic
level, caffeine, by blocking A, 4R,
decreases glutamate release,
which may counteract the excit-
atory action and, in such way,
contribute to maintaining synaptic
transmission homeostasis.
Changes in the relative contribu-
tion to these two opposing actions
throughout life as well as under
different pathologies may lead to
different global actions of caffeine

effect. We herein show that caffeine can exert this dual
role at the same concentration, allowing the suggestion
that the relative influence of caffeine likely depends on
the relative contribution of the high-affinity adenosine re-
ceptors (AR and A,oR) to control a specific brain func-
tion. Importantly, we report a dual role of caffeine as
modulator of the activity of a receptor, the NMDA recep-
tor, that by itself has dual functions in the brain.

In conclusion, our data suggest that acute caffeine exposure
of hippocampal neurons of adolescent mice has dual and op-
posing effects on the NMDA component of glutamatergic
synaptic transmission. The predominant action is exerted at
the post-synaptic level to enhance NMDAR activity via block-
ade of inhibitory AR, with a consequent increase of Ca”*
levels. By blocking facilitatory A,;AR likely located pre-syn-
aptically, caffeine leads to a decrease in glutamate release
probability, a mechanism that may at least in part counteract
the excitatory action upon NMDAR-mediated transmission
(Fig. 7). These results, showing that relatively low concentra-
tions of caffeine acting upon adenosine receptors can influ-
ence NMDAR activity and perturb Ca®* oscillations at the
hippocampus, highlight the need to further investigate how
early exposure to caffeine during gestational periods or during
adolescence affects neuronal differentiation and synaptic mat-
uration, known to be highly dependent of properly adjusted
Ca®* homeostasis.

Postsynaptic
Pyramidal neuron
Caffeine

on NMDAR-mediated responses
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