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New Developments on the Adenosine Mechanisms
of the Central Effects of Caffeine and Their Implications
for Neuropsychiatric Disorders
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Recent studies on interactions between striatal adenosine and dopamine and one of its main targets, the
adenosine A, receptor—dopamine D, receptor (A2AR-D2R) heteromer, have provided a better under-
standing of the mechanisms involved in the psychostimulant effects of caffeine and have brought forward
new data on the mechanisms of operation of classical orthosteric ligands within G protein-coupled receptor
heteromers. The striatal A2ZAR-D2R heteromer has a tetrameric structure and forms part of a signaling
complex that includes a Gs and a Gi protein and the effector adenyl cyclase (subtype ACS5). Another tar-
get of caffeine, the adenosine A receptor—dopamine D; receptor (A1R-D1R) heteromer, seems to have a
very similar structure. Initially suggested to be localized in the striatum, the AIR-DIR heteromer has now
been identified in the spinal motoneuron and shown to mediate the spinally generated caffeine-induced lo-
comotion. In this study, we review the recently discovered properties of A2AR-D2R and A1R-D1R het-
eromers. Our studies demonstrate that these complexes are a necessary condition to sustain the canonical
antagonistic interaction between a Gs-coupled receptor (A2AR or D1R) and a Gi-coupled receptor (D2R or
A1R) at the adenylyl cyclase level, which constitutes a new concept in the field of G protein-coupled re-
ceptor physiology and pharmacology. A2AR antagonists targeting the striatal A2ZAR-D2R heteromer are
already being considered as therapeutic agents in Parkinson’s disease. In this study, we review the preclin-
ical evidence that indicates that caffeine and A2AR antagonists could be used to treat the motivational
symptoms of depression and attention-deficit/hyperactivity disorder, while A1R antagonists selectively tar-
geting the spinal AIR-D1R heteromer could be used in the recovery of spinal cord injury.
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Introduction adenosine A,, receptors (A2AR), whereas its arousing
effects have been mostly associated with blockade of

HE PSYCHOSTIMULANT EFFECTS of caffeine have A, receptors (A1R) that mediate the homeostatic sleep
been classically related to its ability to act as a non-  control of adenosine.'* Nevertheless, this is an oversim-
selective antagonist of adenosine receptors. More specif-  plification, since A1R are also involved in the psychomo-
ically, its psychomotor stimulant-reinforcing effects tor effects of caffeine and A2AR are also involved in the
have been mostly ascribed to its ability to block striatal ~adenosine-mediated sleep control.'” Experimental data
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accumulated during the last two decades have substanti-
ated that striatal A2AR form heteromers with dopamine
D, receptors (D2R), which are specifically localized in
one of the two striatal efferent neurons, the striatopallidal
neuron.” Although the initial interpretation of the mecha-
nisms by which caffeine influenced striatal A2AR signal-
ing was simply a competitive inhibition of adenosine
binding to the A2AR, recent studies indicate a depen-
dence on an unexpected allosteric interaction within the
A2AR-D2R heteromer.”*

Those studies also suggested a specific quaternary struc-
ture of the heteromer, an A2AR-D2R heterotetramer, a
concept that was very recently confirmed and expanded
to the existence of a precoupled complex that also includes
the effector, adenylyl cyclase subtype 5 (AC5).” As de-
scribed below, an important conceptual finding from this
study was the demonstration that this macromolecular
complex provides the necessary framework for the canon-
ical Gi—Gs interaction at the AC level, sustaining the abil-
ity of a Gi-coupled receptor (D2R) to counteract AC
activation mediated by a Gs-coupled receptor (A2AR).
It was also initially assumed that two subpopulations of
striatal A2AR, forming and not forming heteromers with
D2R, were necessary to explain some pharmacological
findings.® Recent studies allowed revisiting this hypothe-
sis and readdress the biochemical and behavioral effects
of A2AR ligands in the frame of one main population
of striatal A2AR, the A2AR-D2R heterotetramer—AC5
complex, localized in the striatopallidal neuron.>’

However, caffeine does not only bind to the striatal
A2AR-D2R-ACS5 complex, but also to the Gi-coupled
AIR localized in the striatonigral neuron, which form
heteromers with the Gs-coupled dopamine D; receptor
(DIR)8 and, also, caffeine binds to AIR-A2AR hetero-
mers localized in the corticostriatal glutamatergic termi-
nals.’ Therefore, these additional striatal targets should
also contribute to the pharmacological effects of caf-
feine. Interestingly, the AIR-DIR has been recently
found in another region of the CNS, in the spinal cord,
where it plays an important role in the modulation of the
intrinsic excitability of the spinal motoneuron (MN).'”
Significantly, as reviewed in this study, the AIR-D1R het-
eromer plays a major role in the spinally generated loco-
motion induced by caffeine.'®!!

Initial translational studies on the possible therapeutic
effects of caffeine and selective A2AR antagonists tar-
geting striatal A2AR were oriented to the treatment of
akinesia in Parkinson’s disease.'*'* Those studies im-
plicitly considered A2AR-D2R heteromers localized in
the dorsal striatum, whereas a large number of studies
also demonstrate the very same presence of A2AR and
D2R in the nucleus accumbens, in the ventral striatopal-
lidal neuron, implicating A2AR-D2R heteromers in
more motivational aspects of the basal ganglia.®'*'?
As reviewed in this study, with this additional target,
the possible clinical application of caffeine and A2AR
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antagonists are extending to ‘“‘apathy’, or ‘“‘anergia’, a
major negative symptom of several neuropsychiatric dis-
orders, including depression, schizophrenia, substance
use disorders, and also Parkinson’s disease. >+ 1> Finally,
recent experimental results obtained in spontaneously
hypertensive rats (SHR), a validated model of attention-
deficit/hyperactivity disorder (ADHD), made us revisit
the possible therapeutic role of caffeine and A2AR an-
tagonists for the treatment of this disorder.'®

Molecular Mechanisms of the Psychostimulant
Effects of Caffeine: The Striatal A2AR-D2R
Heterotetramer—AC5 Complex

Recent studies on interactions between striatal aden-
osine and dopamine and one of its main targets, the
A2AR-D2R heteromer, have not only provided a better
understanding of the mechanisms involved in the psychos-
timulant effects of caffeine, but they have also brought
new and even counterintuitive data on the mechanisms
of operation of classical orthosteric ligands within G
protein-coupled receptor (GPCR) heteromers. First, there
is the demonstration of the heterotetrameric structure of
the A2AR-D2R heteromer using several biophysical and
antibody-based techniques in mammalian transfected
cells and striatal cells in culture.*> The A2AR-D2R het-
eromer is composed of A2AR and D2R homodimers
with the four receptor units (protomers) forming a linear
arrangement; the two internal A2AR and D2R proto-
mers form the heteromeric interface and the two exter-
nal protomers couple to the o subunit of their respective
cognate G proteins (one G protein per homodimer), Gs
(more specifically Golf) for the A2AR and Gi for the
D2R.° This arrangement allows the precoupling of the
heterotetramer with the effector AC5 and, as mentioned
above, provides the framework for the antagonistic in-
teraction of A2AR and D2R agonists at the AC level
(Fig. 1).

The topology of ACS includes a long N-terminal do-
main (NT), which is known to bind to fy subunits of G
proteins,'” two large quasi-identical cytoplasmic cata-
lytic domains (C1 and C2), which bind to each other
and form the catalytic core at their interface, and two
membrane-spanning domains, M1 and M2, each with
six transmembrane domains (TMs).'® The Gso subunit
can bind to C2, which increases the affinity between
C1 and C2, promoting catalysis, whereas Gia binds to
C1 and has the opposite effect.'® The nearly symmetrical
arrangement of C1 and C2 allows the simultaneous bind-
ing of Gso and Gia,' and, therefore, the canonical antag-
onistic interaction. The use of synthetic peptides with the
amino acid sequence of all the TMs of the A2AR, D2R,
and ACS5, with their ability to interfere with their specific
intermolecular interactions (interfaces), provided a fun-
damental tool to demonstrate, first, the quaternary struc-
ture of the A2AR-D2R heterotetramer—ACS5 complex in
the inactive state. We were able to demonstrate, for the
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first time, a functional role of the AC5 TMs: their ability
to establish intermolecular interactions with GPCR TMs.”

Computational modeling indicated that, to allow the
canonical interaction, a minimal functional A2AR-
D2R-ACS5 complex should include at least two mole-
cules of heterotetramers alternating with two molecules
of AC5 (Fig. 1A). In this way, in the inactive state of
the A2AR-D2R heterotetramer—ACS5 complex, ACS
establishes direct TM interactions with one receptor
and indirect intracellular interactions with the other re-
ceptor through the NT coupling to fy subunits. Second,
we could also demonstrate the ligand-induced dynamic
changes of this quaternary structure. Basically, the ago-
nist does not induce any change in the homodimeric
and heterodimeric interfaces, leaving intact the quater-
nary structure of the A2AR-D2R heterotetramer.” On
the other hand, ligands induce a significant rearrange-
ment of the interfaces of the receptors with ACS,
which allows the simultaneous interaction of the o sub-
units of Gs and Gi with the corresponding catalytic do-
mains of AC5 (Fig. 1B).” The rearrangement fits with
the well-established ligand-induced relative movement
of fy from the o subunits of the G protein. Thus, the
Py subunits normally occlude the site of interaction of
the « subunit with the corresponding catalytic domain
of AC5,%° and the movement of fy releases this site of
interaction and simultaneously pulls and approximates
ACS5 to the o subunit.’

At amore general level, these advances in our knowledge
of the dynamic molecular structure of the A2AR-D2R het-
erotetramer represent a ‘‘promotion’” of the functional sig-
nificance of receptor heteromers. Interactions between
receptors at the level of AC were classically assumed to be-
long to downstream interactions, also called interactions “‘at
the second-messenger level.”” These results imply that the ca-
nonical Gi—-Gs interaction at the AC level is a functional
property of a GPCR heteromer. In fact, TM peptides that spe-
cifically destabilize A2AR-D2R heteromerization com-
pletely abrogated the canonical interaction, the ability of
D2R agonists to antagonize A2AR-mediated AC activation.”
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FIG. 1. The A2AR-D2R
heterotetramer—ACS5 complex.
Schematic slice-representation,
viewed from the extracellular side,
of the minimal functional unit of the
Go, A2AR-D2R heterotetramer in
complex with Gs (more specifically
Golf) and Gi proteins and adenyl
cyclase (subtype ACS), in the ab-
sence (A) and presence (B) of
A2AR and D2R agonists, which
induce a rearrangement of the
heterotetramer—ACS interfaces
(modified from Ferré er al.?).
A2AR-D2R, adenosine A,x
receptor—dopamine D, receptor.

Another groundbreaking pharmacological finding in
the framework of the A2AR-D2R heteromer has been
realizing that the ability of caffeine and A2AR antagonists
to counteract some biochemical and behavioral effects of
adenosine or, more precisely, A2AR agonists does not de-
pend on a classical competition for the same orthosteric
site in the A2AR. Surprisingly, the counteraction depends
on the simultaneous occupancy of the two orthosteric sites
of the A2AR dimer of the A2AR-D2R heterotetramer.”*
When performing radioligand-binding control experiments,
we found that A2AR antagonists, including caffeine,
have the same allosteric properties than A2AR agonists
on D2R agonist binding. The same as initially found
for A2AR agonists,*' caffeine and A2AR antagonists dis-
placed the binding of a tritiated D2R agonist from mem-
brane preparations of mammalian transfected cells or
mammalian striatum, decreasing its affinity.* This
would mean that any A2AR ligand, agonist, or antago-
nist, induces a negative allosteric modulation of D2R
agonists in the A2AR-D2R heteromer.

But this interpretation represented a challenge to our
previously formulated hypothesis of the key involvement
of the negative allosteric modulation between A2AR and
D2R agonists in the motor depressant effects of A2AR
agonists and the motor-activating effects of caffeine
and A2AR antagonists.”> We should then logically ex-
pect A2AR agonists and antagonists to show opposite bio-
chemical effects. In fact, in patch-clamp experiments with
identified striatopallidal neurons, we had showed that an
A2AR antagonist blocks the ability of an A2AR agonist
to counteract a D2R agonist-induced inhibition of neuro-
nal e:xcitability.23 Nevertheless, we obtained an encourag-
ing unexpected finding: when coapplied, A2AR agonists
and antagonists counteracted each other’s effects. With
low concentrations, caffeine and A2AR antagonists coun-
teracted the effect of an A2AR agonist on D2R agonist
binding, but with high concentrations, they also caused a
significant decrease in D2R agonist binding.*

These experimental results would completely agree with
the presence of two molecularly interconnected molecules
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of A2AR, an A2AR homodimer, in the A2AR-D2R het-
eromer, which would sustain a negative homomeric allo-
steric modulation between an orthosteric A2AR agonist
and an orthosteric A2AR antagonist. Occupation of the
A2AR homodimer with either an agonist or an antagonist
induces the negative heteromeric allosteric modulation
of the D2R agonist, reduces its binding and efficacy.
But combined occupation of the A2AR homodimer
with an agonist and an antagonist, because of a negative
homomeric allosteric modulation between both A2AR li-
gands, prevents the heteromeric allosteric modulation.

The negative homomeric allosteric modulation between
A2AR agonists and antagonists, and therefore dimeric
nature of the A2AR, was confirmed with dissociation
experiments with a tritiated A2AR antagonist in striatal
membrane preparations. An A2AR agonist, but not caf-
feine or an A2AR antagonist, significantly modified the
dissociation rate of the labeled antagonist, indicating the
presence of a specific allosteric interaction between
the A2AR agonist and the tritiated A2AR antagonist.*
We could also demonstrate the functional significance of
the negative homomeric allosteric modulation using the
same experimental patch-clamp approach previously
used to demonstrate the negative heteromeric allosteric
modulation between the A2AR and D2R agonists in the
striatopallidal neuron.”> Thus, the same A2AR antagonist
that counteracted the effect of the A2AR agonist, when ap-
plied alone, also counteracted a D2R agonist-induced inhi-
bition of the striatopallidal neuron excitability.*

Our results therefore indicate that caffeine and selec-
tive A2AR antagonists produce psychostimulant effects,
not just by competing with adenosine for its binding to
the A2AR, but by exerting a negative allosteric modula-
tion within the A2AR homomer of the A2AR-D2R het-
erotetramer. Under normal conditions, by means of the
negative heteromeric allosteric modulation, endogenous
adenosine tonically inhibits psychomotor activation me-
diated by a tonic activation of D2R by endogenous dopa-
mine. Caffeine, by means of the negative homomeric
allosteric modulation, counteracts the effect of adenosine
and produces psychomotor activation.

It is well known that high doses of caffeine produce
psychomotor depression. According to our model, this
is due to the ability of caffeine to completely displace en-
dogenous adenosine and induce the negative heteromeric
allosteric modulation of endogenous dopamine binding
to the D2R. We could demonstrate our hypothesis with
experiments of locomotor activity in rats upon coadmin-
istration of the A2AR agonist CGS 2180 and an A2AR
antagonist, KW-6002 (istradefylline), used in Parkinson’s
disease.'* Low doses of KW-6002 produced locomotor
activation, whereas high doses produced locomotor de-
pression. Significantly, as we anticipated, a dose of CGS
21680 that also produced locomotor depression when ad-
ministered alone counteracted the locomotor depression
of the high locomotor-depressant dose of KW-6002.*
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Caffeine-Induced Spinally Generated Locomotion:
The Spinal A1R-D1R Heteromer

Adenosine also acts as an intrinsic modulator sug-
gested to have an important role in spinally generated
rhythmic movements.** Tt has been shown that glial-
derived adenosine can modulate spinal motor networks
in mice by facilitating inhibitory neurotransmission.”’
In this study, the application of adenosine led to a reduc-
tion in the frequency of locomotor activity recorded from
ventral roots. On the other hand, the application of the
non-selective adenosine receptor antagonist theophylline
or a selective A1R antagonist, but not a selective A2AR
antagonist, caused an increase in locomotor burst fre-
quency, demonstrating that endogenously derived adeno-
sine activates A1Rs during locomotor network activity.
Since the effect of theophylline was counteracted by
glial toxins, this study indicated that endogenous puriner-
gic glial signaling (through activation of A1Rs) is impor-
tant for the intrinsic modulation of cycle frequency of
locomotor activity in mammals.?

The same research group studied the effects of the ap-
plication of adenosine to interneurons (INs) and MNs of
the mouse lumbar cord.?® By acting primarily through
A1R, adenosine hyperpolarized INs and reduced the fre-
quency and amplitude of their synaptic inputs.”® On the
other hand, adenosine application produced a net depola-
rizing effect on MNs while reducing the frequency and
amplitude of their synaptic inputs.’® These results sug-
gested differential A1R-mediated effects of adenosine in
the mouse spinal cord, with a general suppressing action
on ventral horn INs and potentially maintaining MN excit-
ability. It was suggested that these differential effects in
INs and MNs may allow for adaptation of the locomotor
pattern generated by interneuronal networks while helping
to ensure the maintenance of overall motor output.*>°

More recently we performed experiments with caf-
feine and selective A1R ligands to understand the spe-
cific mechanisms of AIR modulation on the spinal
locomotor central pattern generator (CPG). Addition of
caffeine or an A1R antagonist onto an ongoing fictive lo-
comotor rthythm significantly increased cycle frequency
while reducing burst duration of the MN output. This
suggested that the A1R is the primary target of caffeine’s
spinal modulatory effects.!’ Also, caffeine and an AIR
antagonist failed to stimulate ongoing locomotor activity
in the absence of dopamine or in the presence of a D1IR
antagonist, supporting an A1R-D1R-dependent mecha-
nism of action.'" Caffeine and the selective AI1R antago-
nist failed to stimulate an ongoing locomotor rhythm in
the presence of an inhibitor of cAMP-dependent protein
kinase A (PKA). Altogether, these results suggested a
stimulant effect of caffeine on the lumbar CPG control-
ling hindlimb locomotion through the inhibition of
AlRs and subsequent activation of DIR through a
PKA-dependent intracellular mechanism.'!
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This study led to our most recent experiments, which
demonstrated that heteromerization of the Gi-coupled
AIR with the Gs-coupled DIR was occurring in spinal
MNs of neonatal mice.'” The cellular location of these
potential receptor heteromers was first confirmed using
antibodies directed toward AIR and DIR in postnatal
0-5 (PO-P5) mouse lumbar spinal cord slices, localization
of the network controlling hindlimb locomotion.>’~>°
Overlay of the A1R and DIR immunostaining confirmed
that colabeling of both receptors was mostly found
within lumbar MNs,'® which were visually identified
by their location, size, and clustering.

Previous studies had already established that D;-like re-
ceptors (D1R and D5R) and D,-like receptors (D2R, D3R,
and D4R) are mostly segregated in the spinal cord and that
they play opposite modulatory effects on spinal CPG of
locomotion.*'*** Although there are differences among spe-
cies, in the mouse, D,-like receptors are highly expressed
in laminae I-II of the dorsal horn, where they mediate in-
hibitory effects. On the other hand, D;-like receptors, are
highly expressed in the ventral horn, in lamina IX, includ-
ing the MNs, where they mediate excitatory effects.’' >

With a series of parallel experiments using biophysical
and antibody-based techniques in mammalian trans-
fected cells, we could demonstrate that AIR and DIR
form heteromers with their respective cognate G pro-
teins, supporting very similar structural and functional
properties of that of the A2AR-D2R heteromers.'® In
fact, these experiments demonstrated an interaction at
the AC level, since the ability of Gi-coupled AIR to
counteract Gs-coupled DI1R-mediated AC activation
could be counteracted by a TM peptide that destabilized
AIR-DIR heteromer interface (with the amino acid se-
quence of TM 5, but not TM 7 of the DIR; TMS5 and
TM?7 peptides, respectively).'®

Additional evidence for AIR-D1R heteromer forma-
tion in transfected cells involving TM 5 of the DIR
was provided by using the proximity ligation assay
(PLA). This technique permitted the direct detection of
molecular interactions between endogenous (nontrans-
fected) AIR and D1R. The expression of AIR-DIR het-
eromers in the lumbar spinal cord was demonstrated with
PLA in slices from neonatal mouse spinal cords (lumbar
region) from P4, P6, and P11 animals.'® AIR-D1R com-
plexes were selectively detected irrespective of the post-
natal period in cells from lamina IX, corresponding to
MNs. Importantly, pretreatment of the spinal cord slices
with TMS5, but not with TM7, significantly decreased
PLA staining, therefore identifying A1IR-DIR hetero-
mers in mouse spinal MNs.'”

After establishing the anatomical localization of
A1R-DIR heteromers in the spinal MN, their func-
tional and pharmacological significance was confirmed
by intracellular electrophysiological patch-clamp re-
cordings. The application of caffeine or an AI1R antag-
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onist, in the presence of either dopamine or a DIR
agonist, increased the intrinsic excitability of spinal
MNs but not INs. These results could be explained by
the ability of caffeine or the AIR antagonist to potenti-
ate the depolarizing effects of dopamine within the
AIR-DIR heteromers of the spinal MN.'® This was
demonstrated in experiments using the disruptive pep-
tides. In these experiments, the application of caffeine
and the DIR agonist did not increase the intrinsic excit-
ability of lumbar MNs if applied in the presence of TM5
but not TM7.'? This study demonstrates that AIR-DI1R
heteromers play a significant role in the control of the
excitability of spinal MNs. More specifically, A1R-
DIR localized in the spinal MNs mediate the ability
of adenosine to exert a tonic inhibitory modulation of
a DIR-dependent, dopamine-mediated increase in neu-
ronal excitability.

AlR-mediated effects of adenosine have not only
been shown to modulate the mouse spinal locomotor net-
work,'"**72¢ but also to suppress neuronal cell death in-
duced by ischemia in rat spinal MNs.** This would imply
that A1R agonist would improve, while A1R antagonists
and caffeine would worsen inflammation-mediated
degeneration in spinal cord injury (SCI) and other spi-
nal cord inflammation-dependent conditions. In fact,
caffeine has been shown to aggravate the secondary
inflammatory-dependent degeneration of experimental
SCIL* On the other hand, in vivo studies with dopamine
agonists and antagonists on hindlimb movement genera-
tion in mice with a completely transected spinal cord
transected at the low thoracic level found that the applica-
tion of D1R, but not D2R, agonists acutely elicits rhythmic
locomotor-like movements and nonlocomotor movements
in untrained and nonsensory stimulated animals.*®

Therefore, spinal dopaminergic neurotransmission,
and more specifically DIR, are being considered as po-
tential new targets to promote recovery of locomotor
function following SCL** Our studies indicate that,
even more specifically, the MN AIR-DIR heteromer,
should be addressed as a main target and that caffeine
and AR antagonists, alone or in combination with
DIR agonists, could be beneficial during noninflamma-
tory stages of SCI. An important factor to be considered
within the framework of GPCR heteromers is their abil-
ity to modify ligand properties, as compared with the
same GPCRs when not forming heteromers.”’ The
proof of concept came from the demonstration of a
very significant different affinity of an A2AR antagonist
(SCH442416) when coexpressed with the A2AR alone or
with the A2AR, both in mammalian transfected cells or
in the rodent striatum (comparing wild-type with condi-
tional striatal A2AR knockout mice).>® Therefore, AIR
antagonists with preferential affinity for the AIR-D1R
heteromers could be useful therapeutically to treat the
deleterious effects of a SCIL.
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Caffeine and Selective A2AR Antagonists as New
Therapeutic Tools for the Motivational Symptoms of
Depression

Although depression is typically thought of as involv-
ing emotional symptoms, such as sadness and negative
affect, it also is important to emphasize that depression
is characterized by motivational dysfunctions such as ap-
athy or anergia, psychomotor retardation, reduced exer-
tion of effort, fatigue, and a general lack of behavioral
activation.® These motivational symptoms of depression
are highly debilitating, and they are very difficult to treat.
For example, although serotonin-selective uptake inhibi-
tors (SSRIs) are the most commonly used drug treat-
ments for depression, and are very useful for treating
anxiety and mood-related symptoms, they are relatively
poor at treating motivational dysfun(:tion.39 Moreover,
motivational dysfunctions in human psychopathology
are not limited to depression; people with schizophrenia
and Parkinson’s disease also show negative symptoms,
anergia, and fatigue. For all these reasons, it is important
to develop animal models of activational or effort-related
psychiatric symptoms.

In the last few years, studies of effort-related choice
behavior have been developed as formal models of the
motivational symptoms of depression. Effort-based
choice tasks allow organisms to choose between a
more preferred reinforcer that can only be obtained
through a high degree of effort, versus a low effort/less
valued option. In rodents, the high effort activities in-
clude things like lever pressing on operant schedules,
climbing a barrier, or running in a running wheel. Con-
siderable evidence indicates that conditions associated
with motivational dysfunction in humans, including
some specifically associated with depression, produce a
low-effort bias (i.e., decreased selection of the high-
effort option), although these same conditions do not
affect food intake or preference between the different re-
inforcers in free-feeding tests. For example, dopamine
antagonists, such as haloperidol, and conditions associ-
ated with depression in humans, such as stress, or admin-
istration of the vesicular monoamine transport inhibitor
tetrabenazine, alter choice behavior by decreasing selec-
tion of the high-effort option and increasing selection of
the low-effort option.*®40~*

In addition, consistent with studies showing that there
are inflammation-related aspects of depressive symptom-
atology, administration of the proinflammatory cyto-
kines, interleukin (IL) 1/ and IL-6, have been shown to
induce a low-effort bias.’®' The use of effort-related
choice tasks in rodents as a model of depressive symp-
toms is validated by research reporting that people with
major depressive disorder also show a low-effort bias
in human tests of effort-based choice.”*>* Drug develop-
ment studies have found that the low-effort bias induced
by tetrabenazine is not reversed by the SSRIs fluoxetine
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and citalopram, but are reversed by drugs that block cat-
echolamine uptake, or specifically block DA trans-
port.4 1,43,45,46

Considerable research in this area also has focused on
the effects of drugs that act on adenosine. Administration
of the adenosine A2AR agonist CGS 2168, directly into
nucleus accumbens, produced a low-effort bias, and re-
duced exertion of effort on lever pressing tasks.’>>* Fur-
thermore, A2AR antagonists such as istradefylline,
MSX-3, MSX-4, and preladenant are able to reverse
the low-effort bias induced by the D2R antagonists, hal-
operidol and eticlopride,”>™" and the vesicular storage
antagonist tetrabenazine.*’**>** In contrast to these ef-
fects of A2AR antagonism, blockade of A1R does not re-
verse the effects of DA antagonism at either DIR or
D2R. #0760 The greatest reversal effects are seen when
an A2AR antagonist is used to reverse the effects of a
D2R antagonist,*>>"® which is consistent with anatom-
ical data on the extensive colocalization of these two re-
ceptors, and their molecular interactions in the striatum.

Moreover, studies of postsynaptic metabotropic sig-
naling cascades demonstrate that A2AR antagonists are
able to reverse the expression of c-fos and phosphoryla-
tion of DARPP-32 (Thr34) by D2R antagonists and tetra-
benazine.*'>*® The latter studies provide a cellular
marker of the A2AR-D2R interaction that is occurring
at behaviorally relevant doses of drugs that act on these
receptors. A2AR antagonism also reverses the low-effort
bias induced by proinflammatory cytokines.’*>" These
observations in animal models are consistent with
human clinical studies reporting that the A2AR antago-
nist istradefylline can also improve fatigue symptoms
in Parkinson’s disease patients.®!®2

The nonselective adenosine antagonists, caffeine and
theophylline, also have been shown to exert effects on
tests of effort-based choice.'” Caffeine and theophylline
reversed the effects of D2R antagonism on effort-related
choice®®% In rats that were not food restricted, caffeine
(5 or 10 mg/kg) increased lever pressing output in rats
tested on a progressive ratio/chow feeding choice task,
but only among low responders.”> Taken together, these
studies suggest that drugs acting on A2A receptors, as
well as nonselective adenosine antagonists, may have utility
for treating motivational dysfunction in depressed people. '

Caffeine and Selective A2AR Antagonists as
Therapeutic Tools for the Cognitive and Emotional
Impairments in ADHD

ADHD is one of the most common chronic childhood-
onset psychiatric disorders, with an estimated global
prevalence of 5.9-7.1% among children/adolescents
and 1.2-7.3% among adults.®**> ADHD persists in
many cases into adulthood, whose occurrence is associ-
ated with attention deficits, hyperactivity, and/or cogni-
tive impulsiveness. A primary role of disturbances in
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frontocortical dopaminergic neurotransmission in ADHD
is the basis for the current pharmacological treatment
with psychostimulants, more commonly methylpheni-
date.®®%” However, the understanding of the modulatory
influence of adenosine receptors on dopamine neurotrans-
mission has increased in recent years. Thus, there is suffi-
cient evidence that the adenosine receptors represent a
target for the development of drugs for the treatment of di-
verse disorders associated with the dysregulation in dopa-
mine neurotransmission, including ADHD.%%%°

Although beneficial effects of caffeine on ADHD
symptoms were first described by Schnackenberg in
1973,7° the clinical use of caffeine was poorly investigated
over the last four decades. Some authors demonstrated an
improvement of ADHD symptoms with caffeine,”'”"*
whereas others have not found convincing positive ef-
fects.”>~’® These apparent discrepancies are most proba-
bly attributed to methodological differences. For this
reason, the general view in the field is that adjunctive caf-
feine is not contraindicated for the treatment of ADHD,
but it might not be a viable replacement for the first-
line treatment for ADHD, such as methylphenidate.”

In a meta-analysis study, Leon reported that the small
number of studies, the small sample size (14.4 subjects/
study), and the great variation in caffeine doses are the
main limiting factors and should be considered with cau-
tion.®° Moreover, there is no consensus in the literature
about the optimal caffeine dose to elicit benefits on
ADHD symptoms. Some researchers reported that low
caffeine doses are more effective in attenuating the be-
havioral impairments in ADHD, contrasting with the ear-
liest description by Schnackenberg,”” in which the benefits
of caffeine were observed in doses higher than 200 mg
daily. This inconsistency and lack of agreement on the
“optimal”” dose of caffeine could be related to the general
inability to monitor the A2AR gene polymorphisms that
moderate the intake of coffee and caffeine.®!

On the other hand, many studies have shown that caf-
feine treatment improved memory and attention deficits
and also normalized dopaminergic function in adolescent
and adult SHR, a validated animal model of ADHD.
Acute treatment with caffeine improved the social mem-
ory,®? object recognition memory,®* and spatial learning
deficits® exhibited by adult SHR in different behavioral
paradigms. An improvement on short-term social mem-
ory was also achieved after an acute administration of
the selective A2AR antagonist, but not with a selective
AIR antagonist.®?

Of high importance, chronic caffeine treatment pro-
vided long-term cognitive benefits in SHR. Chronic caf-
feine administration during adolescence was able to
improve short-term recognition ability in adult SHR,*
improved memory and attention deficits, and also nor-
malized dopaminergic function by reducing dopamine
reuptake in the striatum and frontal cortex of SHR.®
More recently, Nunes et al. compared the effects of
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free caffeine intake from childhood to adolescence in be-
havior and in brain-derived neurotrophic factor (BDNF)
signaling pathway in male and female SHR.®” The authors
observed that caffeine intake improved recognition mem-
ory impairments in both genders. However, spatial mem-
ory was recovered only in female SHR. Additionally,
caffeine normalized BDNF in males and truncated TrkB re-
ceptor in both sexes.®’ These results would comply with the
well-demonstrated interactions between A2AR-mediated
adenosine and TrkB-mediated BDNF signaling cascades.®®
Finally, we recently investigated the effects of chronic
caffeine intake and physical exercise on the emotional
impairments observed in SHR.'® Male SHR were sub-
mitted, from adolescence (30 days old) to adulthood, to
the association of caffeine intake (0.3 mg/mL in drinking
water) with and without voluntary physical exercise in
running wells for 6 weeks. After that, depressive- and
anhedonic-like behaviors were evaluated in the forced
swimming and splash tests. The results indicate signifi-
cant and independent antidepressant-like effects of
chronic caffeine intake and physical exercise in SHR,
without alterations of anhedonic-like behaviors. These
findings provide the first evidence of beneficial effects
of chronic caffeine intake on emotional impairments ob-
served in an animal model of ADHD. Altogether, the re-
view of clinical and preclinical studies of caffeine and
ADHD strongly suggest that we might need to readdress
the possible therapeutic role of caffeine in ADHD and
better controlled studies (also including control of
A2AR gene polymorphisms) need to be performed.

Concluding Remarks

GPCR heteromer is currently defined as a macromo-
lecular complex composed of at least two different recep-
tor units (protomers) with biochemical properties that are
demonstrably different from those of its individual com-
ponents.®*” GPCR heteromers can provide unique proper-
ties to specific ligands, which provide new avenues for
drug development.®” Recently, we have been particularly
interested in GPCR heteromers with one of the protomers
coupled to a Gs protein and the other to a Gi protein. Our
working hypothesis has been that these heteromers have
a tetrameric structure, forming a GPCR heterotetramer
with two homodimers, each one coupled to its preferred
G protein.”® This structure would then provide the frame-
work for the canonical interaction between a Gs and a
Gi-coupled receptor at the AC level, the ability of a Gi-
coupled receptor to counteract AC activation by a si-
multaneously stimulated Gs-coupled receptor.”® Our
hypothesis has been in fact demonstrated for the target
of caffeine, the striatal A2AR-D2R heterotetramer.>™

The striatal A2AR-D2R heterotetramer constitutes,
therefore, a more real target for the previously demon-
strated strong interactions between striatal adenosine
and dopamine.*” The presence of these interactions in
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the dorsal striatum has fostered the rational of applying
A2AR antagonists in Parkinson’s disease.'*'* However,
the A2AR-D2R heteromer is also localized in the ven-
tral striatum, involved in more motivational aspects of
behavior.>*®

As reviewed in this study, this implies to the use of
A2AR antagonists and caffeine in other neuropsychiatric
disorders, such as depression and ADHD.'®* We also
demonstrated that another target of caffeine, the AIR-
DIR heteromer, also sustains the canonical antagonistic
Gi—Gs interaction at the AC level, suggesting a heterote-
trameric structure.'° Significantly, the AIR-D1R was re-
cently identified in the spinal cord, where it plays an
important role in the modulation of the excitability of
the spinal MN.'? Its pharmacological properties indicate
that the spinal AIR-DI1R heteromer can constitute a ther-
apeutic target for SCI.
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