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Abstract D1- and D2-types of dopamine receptors are located
separately in direct and indirect pathway striatal projection
neurons (dSPNs and iSPNs). In comparison, adenosine A1-
type receptors are located in both neuron classes, and adeno-
sine A2A-type receptors show a preferential expression in
iSPNs. Due to their importance for neuronal excitability,
Ca2+-currents have been used as final effectors to see the
function of signaling cascades associated with different G
protein-coupled receptors. For example, among many other
actions, D1-type receptors increase, while D2-type receptors
decrease neuronal excitability by either enhancing or reduc-
ing, respectively, CaV1 Ca2+-currents. These actions occur
separately in dSPNs and iSPNs. In the case of purinergic
signaling, the actions of A1- and A2A-receptors have not been
compared observing their actions on Ca2+-channels of SPNs
as final effectors. Our hypotheses are that modulation of Ca2+-
currents by A1-receptors occurs in both dSPNs and iSPNs. In
contrast, iSPNs would exhibit modulation by both A1- and
A2A-receptors. We demonstrate that A1-type receptors re-
duced Ca2+-currents in all SPNs tested. However, A2A-type
receptors enhanced Ca2+-currents only in half tested neurons.
Intriguingly, to observe the actions of A2A-type receptors,
occupation of A1-type receptors had to occur first. However,
A1-receptors decreased CaV2 Ca2+-currents, while A2A-type
receptors enhanced current through CaV1 channels. Because
these channels have opposing actions on cell discharge, these

differences explain in part why iSPNs may be more excitable
than dSPNs. It is demonstrated that intrinsic voltage-gated
currents expressed in SPNs are effectors of purinergic signal-
ing that therefore play a role in excitability.
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Modulation of Ca2+-currents

Introduction

The neostriatum regulates motor activity, action selection and
procedural memory [1]. It receives inputs from the cortex and
thalamus and sends processed outputs to other basal ganglia
nuclei via striatal projection neurons (SPNs) divided into
direct pathway neurons (dSPNs) that facilitate movement
execution and indirect pathway neurons (iSPNs) that represses
movements [2, 3]. A dynamic balance between dSPNs and
iSPNs is posited as essential for motor control [1].

SPNs control their excitability in part by expressing differ-
ent classes of Ca2+-channels modulated by transmitters that
activate G protein-coupled receptors (GPCRs). CaV1 channels
increase excitability by regulating threshold and neuronal
discharge, while CaV2 channels decrease excitability by acti-
vating K+-activated currents that regulate inter-spike intervals,
firing frequency, and transmitter release [4–6], among other
actions. For example, in addition to many other functions [7],
D1-receptors increase excitability in dSPNs by enhancing
CaV1-channels mediated current, while D2-receptors decrease
excitability in iSPNs by reducing the same current [8, 9].
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These actions occur separately in different cell classes: dSPNs
and iSPNs [10].

In order to compare with other GPCRs, such as dopamine
receptors, this work focus in how adenosine controls Ca2+-
currents in SPNs via the two adenosine receptors: A1 and A2A

[11, 12]. Notably, A1 receptors are expressed in SPNs from
both pathways, while A2A receptors are mainly expressed in
iSPNs [12, 13]. A1-receptors are coupled to Gi/o proteins [12,
14–23], while A2A receptors are coupled to Gs/olf proteins [11,
12, 24–31]. In many cells, the signaling cascades ignited by
these two classes of G proteins have opposed actions [30–34].
Therefore, an implicit hypothesis predicts that the signaling
cascades that control Ca2+-currents and excitability via A1-
and A2A-receptors would have a push-pull kind of effects:
One would decrease and the other would increase the activity
of many final effectors in cells expressing both receptors [12,
32, 33, 35–37]. However, to our knowledge, the modulatory
actions of both adenosine receptors on Ca2+-currents,
expressed by the same SPNs, have not been described. Amain
goal of the present work is to see whether this modulation is
present, as a necessary step to begin elucidating the combined
actions of A1- and A2A-receptors in control and under diverse
pathological conditions by using Ca2+-channels, as final in-
trinsic effectors of adenosine signaling. One of many exam-
ples of the importance of this signaling is that antagonists of
A2A-receptors are used as coadjutant therapy for Parkinson’s
disease. However, in spite of their actions in synaptic trans-
mission, they are unable to stop the decrease in dendritic
spines induced by dopamine-depletion, an action attributable
to CaV1 channels [34].

Materials and methods

Studies were conducted in accordance with procedures ap-
proved by the Committee of Bioethics and Care of Experi-
mental Animals of The Universidad Nacional Autónoma de
México [UNAM], and the National Institutes of Health Guide-
lines for the Care and Use of Laboratory Animals [NIH
Publications No. 8023, revised 1978]. The number of animals
used in the experimental samples was the minimal possible to
attain statistical significance.

Acutely dissociated cells

Acutely dissociated neurons from rat brain slices were
obtained as described in previous work [6, 38]. Briefly, male
Wistar rats were anesthetized and decapitated. Their brains
were placed in ice-cold saline (4 °C) containing [in millimo-
lars]: 126 NaCl, 3 KCl, 26 Na2HCO3, 2 CaCl2, 1 MgCl2, 11
glucose, 0.2 thiourea, and 0.2 of ascorbic acid [25 °C; pH=7.4
with HCl, 298±5 mOsm/l with glucose; saturated with 95 %
O2 and 5%CO2]. Sagittal brain slices, 300 μm thick, were cut

on a vibratome and placed in the same saline solution at room
temperature for 1 h. In case the slices were programmed for
current-clamp experiments, they were transferred to a recording
chamber. If they were used in voltage-clamp experiments, we
obtained dissociated cells from the dorsal neostriatum by enzy-
matic digestion—1 mg/ml of pronase E type XIV [Sigma] at
34 °C in a 10 mM HEPES saline solution for about 20 min.
Then, the slices were transferred to a low calcium (0.4 mM
CaCl2) saline solution to be mechanically dissociated using fire
polished Pasteur pipettes. The cell suspension (2 ml) was plated
into a Petri dish mounted on the stage of an inverted micro-
scope. Neurons adhered to the bottom of the dish within 10–
15 min. The dish contained 1 ml of the recording saline (in
millimolars)—0.001 tetrodotoxin (TTX), 130 NaCl, 3 KCl, 5
BaCl2, 2 MgCl2, 10 HEPES, and 10 glucose (pH=7.4 with
NaOH; 298±5 mOsm/l with glucose).

Voltage clamp recordings of calcium currents

Voltage-clamp recordings were performed on striatal neurons of
10–12 μm soma diameter and whole-cell capacitance of 6–7 pF
(putative SPNs). Larger neurons are known to correspond to
interneurons [38]. Patch pipettes of borosilicate glass (WPI,
Sarasota, FL) were pulled in a Flaming-Brown puller [Sutter
Instrument Corp. Novato, CA]. The internal saline contained (in
millimolars)—140N -methyl-D -glucamine, 40 HEPES, 10
EGTA, 4 MgCl2, 2 ATP, 0.4 GTP, and 0.1 leupeptin (pH=7.2
with H2SO4; 280±5 mOsm/l).

Whole-cell recordings used electrodes with resistance of 3–
6 MΩ in the bath. Liquid junction potentials (<5 mV) were
corrected. Recordings were obtained with an Axopatch 200B
patch-clamp amplifier (Axon Instruments, Foster City, CA,
USA) and controlled and monitored with pClamp (version
8.2) and a 125 kHz DMA interface (Axon Ins.). The series
resistance (<10MΩ) was compensated (70–80 %) and
monitored.

We recorded currents passing through calcium channels
using Ba2+ as charge carrier. Ba2+ is a potent K+ channel
blocker. Na+ channels were blocked with 1 μM TTX. In
addition, intracellular potassium was replaced by 140 mMN-
methyl-D-glucamine. Current-voltage relationships (I-V plots)
were generated before and during drug application. Figure 1a
shows a family of Ba2+ -currents evoked with 20 ms
depolarizing voltage commands from −80 to 50 mV in
10 mV steps. Figure 1b shows a Ba2+-current evoked with a
ramp voltage command from −80 to 50 mV (0.7 mV/ms) in the
same cell. The measured current in steady state responses to
step voltage commands [empty circles] and ramp voltage com-
mands [continuous line] are plotted against voltage values in
Fig. 1c. Resulting current–voltage relationships (I-V plots)
coincide [4–6, 38–42], suggesting acceptable space-clamp con-
trol. For clarity, results mostly show I-V plots built from cur-
rents evoked with ramp commands. Note that this coincidence
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implies that amplitude of peak Ba2+-current obtained with a
ramp command coincides with the minimum of the I-V plot
(between −20 and 0 mV in all cases). Currents isolated in this
way are completely and reversibly blocked by 200 μM Cd2+

(93±1 %; n =6; ***P <0.001, Fig. 1d), suggesting that they
flow through Ca2+-channels, and so, in the text they are named
as Ca2+-currents.

Current clamp recordings of SPNs

Current clamp recordings were performed with the patch
clamp technique in the whole cell configuration in both puta-
tive dSPNs and iSPNs. The slices were visualized at 40× using
infrared differential interference contrast (IR-DIC) microsco-
py with an upright microscope and a digital camera. For
current-clamp recordings micropipettes with 2–5 MΩ D.C.
resistance and filled with internal saline containing (in milli-
molars)—120 KMeSO4, 10 NaCl, 10 EGTA/KOH, 10 Hepes,
1 CaCl2, 0.2 Na2ATP, 0.2 Na3GTP, and 0.1 % biocytin (pH 7.3;
285 mOsm/l) were used. Recordings were carried out with
Axoclamp 2A/2B (Axon Instruments, Foster City, CA). The
data were acquired with acquisition software made in the
laboratory using the LabView environment (National Instru-
ments, Austin TX). Experimental drugs were stored in stock

solutions to be dissolved in their final concentrations into the
superfusion saline—CCPA (100 nM) and CGS (1 μM).

Drugs

Drugs were applied with a gravity-fed system that positioned a
glass capillary tube 100 μm from the recording cell in the
direction of superfusion flow. Solution changes used a
microvalve system (Lee; Essex, CT, USA) allowing reversibly
applications [41]. Substances used were: ω-conotoxin GVIA
(ω-CgTx-GVIA), ω-agatoxin TK (ω-AgTx), tetrodotoxin
(TTX) (from Alomone Labs; Jerusalem, Israel); nicardipine,
adenosine (Sigma-Aldrich-RBI, St. Louis, MO). The A1-type
receptor agonist—2-chloro-N6-cyclopentyladenosine (CCPA),
the A2A-type receptor agonist: 4-(2-((6-amino-9-(N-ethyl-β-D-
ribofuranuron-amidosyl)-9H-purin-2-yl)amino)ethyl)benzene
propanoic acid hydrochloride (CGS 21680), the A2A-type re-
ceptor antagonist—2-(2-furanyl)-7-(2-phenylethyl)-7H-
pyrazolo(4,3-e)(1,2,4)triazolo(1,5-c)pyrimidin-5-amine (SCH
58261) and the A1-type receptor antagonist—8-cyclopentyl-
1,3-dimethylxanthine (CPT; Tocris Cookson, Ellisville, MO).
Substances were dissolved in water to get stock solutions added
to the superfusate to give the final concentrations. CGS 21680
was prepared in dimethylsulfoxide (DMSO, 1 %) and

Fig. 1 Whole-cell Ca2+-currents
in acutely dissociated neostriatal
neurons. a Inward currents
elicited by steps of depolarizing
voltage commands. b Inward
current elicited in the same
neuron by a ramp command. c
Current-voltage relationships (I-V
plots) taken from data in a and b .
Note close superimposition. d
Time course of absolute current
amplitude during application of
200 μM Cd2+
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nicardipine was prepared in HCl (1 %); control saline also
contained DMSO or HCl (0.1 %) at the same concentrations
in these cases.

Data analysis

We report mean±SEM of peak Ba2+-current changes in per-
centage (minimum of I-V plots, see above). When it is rele-
vant we report medians and the 25–75 percentile range of
absolute current values, since as Tukey box plots show, rarely,
distribution of samples followed normality. To measure excit-
ability, we compared firing frequency in Hertz. Statistical
significance was found with free-distribution statistical tests
with absolute current values or frequencies:Wilcoxon’s T test,
Friedman test, or Kruskal–Wallis test with post hoc Dunn’s
tests. Statistical significance was considered at P <0.05.

Results

Time course in Fig. 2a shows that administration of an aden-
osine A2A-type receptor agonist, CGS 21680 (CGS), to the
bath saline has no action by itself in Ca2+-currents amplitude.
The same result was obtained using concentrations ranging
from 5 nM to 10 μM, although, in some occasions, micromo-
lar concentrations may decrease current amplitude. Figure 2b
illustrates representative I-V plots taken at numbered times
from A. Box plots in Fig. 2c show that there is no significant
differences between Ca2+-currents maximal amplitude
obtained with ramp commands (as in Fig. 1: minima of the
I-V plots), with or without the A2A-agonist in all neurons
tested (n =6).

Adenosine actions are biphasic and concentration-dependent

Time course in Fig. 3a shows that adenosine, when adminis-
tered sequentially, at “low” (100 nM) and “high” (10 μM)

concentrations, has a push-pull type of action—100 nM aden-
osine decreased absolute Ca2+-current amplitude by 29±3 %
(n =13; ***P <0.0001), while 10 μM adenosine increased
and partially reversed the decrease induced by low concentra-
tions: It partially “recovers”, the Ca2+-current by 21±3 %.
However, this latter action was only observed in 54 % of
neurons tested (“responders”; n =7/13; ***P <0.0001;
Fig. 3a). Neurons that did not exhibit an increase in current
with 10 μM adenosine (“non responders”) but were able to
manifest a decrease during low adenosine concentrations were
considered as not capable to manifest the enhancing response
and were separated as a group, because it is well known that
only half of SPNs (iSPNs) express A2A-receptors [12].

The action of low adenosine concentrations was reversible,
present in all SPNs tested, and blocked by the A1-receptor
antagonist 100 nM CPT (not shown, but see below),
suggesting that it can be attributed to the activation of A1-
receptors. Therefore, as expected for a GPCR associated with
Gi/o protein, activation of A1-receptors decreased Ca2+-cur-
rents amplitude [12, 14–23], and in agreement with its known
location, the action was observed in all SPNs tested. Repre-
sentative I-V plots of currents taken at different moments
during the time course are depicted in Fig. 3b (numbered in
the time course, Fig. 3a).

Box-plots in Fig. 3c summarize the results from a sample of
experiments: median and 25–75 percentile range in control
(n =13) was 408 (307–557)pA, reduction with 100 nM aden-
osine (n =13) was to 298 (237–400)pA and reversal with
10 μM adenosine (n =7) was to 331 (301–478)pA. All
changes were significant (***P <0.0001).

To demonstrate that high adenosine concentrations were
acting on A2A-type receptors, we tested 10 μM adenosine in
the presence of the A2A-type receptor antagonist SCH 58261
(50 nM SCH; Fig. 3d). Note that, in the presence of SCH, the
recovery of current amplitude by high adenosine concentra-
tions (10 μM) was not seen in any neuron (Fig. 3d),
suggesting specific actions. Specificity was further supported

Fig. 2 A selective A2A-type receptor agonist had no actions on Ca2+-
current by itself. a The time course shows the application of an A2A-type
receptor agonist: 1µMCGS into the bath saline (horizontal bar). There is
no change in current amplitude. b representative I-V plots taken at

numbered times from the time course in a . c Box Tukey plots
in Fig. 2c show that there is no significant differences between
Ca2+-currents amplitude with or without the CGS in all neurons
tested (n =6)
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by the fact that low adenosine concentrations (100 nM) still
reduced Ca2+-currents (21 %±4 %; n =13; ***P <0.0001) in
the presence of the A2A-receptor antagonist in all neurons
tested. Representative I-V plots of these currents are depicted
in Fig. 3e. Box plots in Fig. 3f summarize sample
results. Median and 25–75 percentile range in control
were 227 (176–391)pA, reduction with 100 nM adeno-
sine was to 191 (124–322)pA. Reversal with 10 μM adeno-
sine was not seen in any cell when SCH 58261 was present:
192 (101–327)pA. In CGS, only changes due to A1-receptor
activation were significant (***P <0.0001).

All SPNs exhibited a decrease in current after nanomolar
adenosine, but only one half of SPNs exhibited the subsequent
enhancement of the current after micromolar adenosine. A
parsimonious hypothesis would be that this biphasic action
in one half of neurons should be due to the activation of two
different adenosine receptors. Therefore, we hypothesized that
the enhancing action should be due to the activation of A2A-
receptors (A2A-receptors activate PKAwhich is necessary for
D1-receptors to enhance Ca2+-current) see [8].

To further support that the biphasic action of adenosine
found in about one half of tested cells was due to the activation

of different receptors, we tested selective agonists for both
receptors in sequence.

Sequential activation of A1- and A2A-type receptors reduces
and enhances Ca2+-currents, respectively

Application of 100 nM CCPA, a selective agonist of A1-recep-
tors, decreased whole-cell Ca2+-current in all SPNs tested
(n=13). Subsequent addition of 1 μM CGS 21680, a selective
agonist ofA2A-receptors, had an enhancing current effect in about
half of the cells (“responders”) but did not have any action in the
other half (“non-responders”; Fig. 4a, b). But all cells showed the
decreasing action by the A1-agonist. Interestingly, because A2A-
agonists had no significant action when applied alone (Fig. 2), it
appeared as though A1-receptors occupation had to precede the
activation of A2A-receptors to observe their enhancing actions on
Ca2+-currents [36, 37, 43–46]. The reasonwhyA1-receptors have
to be activated first, in order to see the actions of A2A-receptors, is
under current research. Perhaps, many other receptors and sig-
naling cascades also fulfill this function [33].

In summary, the administration of A1- and A2A-receptor
agonists applied in sequence (Fig. 4a, b) mimicked the

Fig. 3 Adenosine actions are biphasic and concentration-dependent. a
Addition of low adenosine concentrations (100 nM) to the bath saline
decreases absolute current amplitude, whereas application of higher
adenosine concentrations (10 μM) partially reversed the current decrease
produced by lower adenosine concentrations. b Representative I-V plots
taken from the time course in a as indicated by the numbers . c Box plots
summarizing a sample of experiments from neurons during both

adenosine concentrations (n =13 for left and middle boxes , n =7 for right
box). d The time course shows that reduction in current produced by low
adenosine concentrations was not blocked by SCH 58261 while current
enhancement mediated by micromolar adenosine was not present in any
recorded cell when SCH 58261 was present. e Representative I-V plots
taken from the time course in d as indicated by numbers. f Box plots
summarize a sample of similar experiments (n =13)
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biphasic actions described for adenosine at low and high
concentrations, and thus, support the concept that such bi-
phasic action is due to the activation of different adenosine
receptors. CCPA decreased Ca2+-current in all striatal neurons
tested (Fig. 4a1, 2) by 25±4 % (n =13; ***P <0.0001), and
the subsequent application of the A2A-receptor agonist, CGS
21680, partially restored current amplitude in 54 % of the
neurons tested (Fig. 4a–c; n =7/13). Action in only about half
the neurons was expected because only iSPNs express A2A-
receptors [12], supporting the hypothesis that iSPNs express
both receptors. Current increase induced by CGS 21680 was
23±4 % (n =7; ***P <0.0001). Representative I-V plots of
these currents are depicted in Fig. 4b (times of recordings are
numbered during the time course in Fig. 4a). CGS 21680
actions were reversible (Fig. 4a, b). Tukey box distributions
in Fig. 4c summarize the results from a sample of experi-
ments: median and 25–75 percentile range in control was 315
(239–628)pA, reduction with CCPAwas to 197 (103–539)pA
and reversal with CGS 21680 was to 328 (124–615)pA. All
changes were significant (***P <0.0001).

To test whether enhancement of Ca2+-current amplitude by
CGS 21680 was specific, we performed experiments in the

presence of SCH 58261 (50 nM), the A2A-receptors antagonist.
SCH 58261 did not block the repressing action of A1-receptors,
but in its presence, no neuron exhibited the A2A-receptors
enhancing action (Fig. 4d). Representative I-V plots as indicat-
ed by numbers are shown in Fig. 4e. Box plots summarize
results in an experimental sample: Only the action of CCPA is
significant in the presence of SCH 58261 (Fig. 4d–f): a 22±3%
current reduction (n =8, ***P <0.0001).

We conclude that biphasic actions of adenosine are due to the
activation of two different receptors, A1 and A2A. A2A-type
receptors are only present in half the neurons: most probably
iSPNs.

A2A-receptors activation enhance CaV1 channels current

The following experiments depict a mechanism for the biphasic
adenosine actions in the sense of finding out which Ca2+-
currents are implicated. Figure 5a shows that 5 μMnicardipine,
a CaV1-channels antagonist, decreased current amplitude; how-
ever, it did not impede the action of 100 nM CCPA that
decreased current amplitude even more. However, in the pres-
ence of nicardipine, subsequent application of 1 μM CGS

Fig. 4 Sequential activation of A1- and A2A-type receptors with selective
agonists reduces and enhances Ca2+ -current, respectively. a Time course
of current amplitude showing that CCPA (100 nM) decreases current
amplitude (1 , 2). Subsequent application of 1 µM CGS 21680 (2 , 3)
almost completely reverses the reduction induced by CCPA in about half
the neurons. b Representative I-V plots taken from the time course in a as
indicated by the numbers. c Box plots summarize results from a sample of

neurons with responses described in a and b (n =13 in left and middle
boxes and n =7 in the right box). d Time course similar to that depicted in
a but in the presence of 50 nM of the A2A-receptor antagonist SCH
58261. In these conditions, the action of CGS 21680 could not be
observed in any neuron. e Representative I-V plots taken from the time
course in d as indicated by the numbers. f Box plots summarize the
experimental sample (n =8)
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21680 did not produce current enhancement in any cell tested.
Representative I-V plots (numbered in the time course; Fig. 5b)
and summary box plots (Fig. 5c) show that CCPA current
reduction was 39±10 % (n =10; ***P <0.0001) and CGS
recovery was 32±8 % (n =6; ***P <0.0001). Nicardipine
blocked the recovery produced by CGS 21680 significantly
(41±4 %; n =6; ***P <0.0001). Control had median and per-
centile 25–75 range of 197 (180–243)pA; +CCPA: 130 (77–
183)pA; +CGS 21680: 222 (152–238)pA; +nicardipine: 92
(81–175)pA. All changes were significant (***P <0.0001).

Similar results were obtained with the endogenous agonist
(Fig. 5d–f): Adenosine (100 nM) decreased current amplitude
by 20 %±2 %, and high concentrations (10 μM) had no
effects in any cell tested if 5 μM nicardipine were present in
the bath saline, suggesting that CaV1 currents are the target of
A2A-receptor modulation (n =12; ***P <0.0001).

Activation of A1-receptors mainly reduce CaV2.2 channels
current

Figure 6a–c illustrates that 1 μMω-CgTxGVIA reduces Ca2+

current in SPNs confirming the presence of Cav2.2 (N) calci-
um current [40, 41]. Once Cav2.2 current was blocked, low

adenosine concentrations (100 nM) could no longer reduce
Ca2+-current further in any cell tested, suggesting that main
current component targeted by A1-receptors is CaV2.2. Cur-
rent reduction by ω-CgTx was 20 %±3 % (n =9, ***P <
0.0001). In contrast, 1 μM ω-AgTx could not occlude the
actions of 100 nM adenosine (Fig. 6d–f; n =6).

Box plots in Fig. 6c and f summarize sample results ofω-
CgTx GVIA and ω-AgTx, respectively; median and 25–75
percentile range in Fig. 6c control was 383 (311–422)pA,
reduction with 1 μM ω-CgTx GVIA was to 287 (255–319)
pA and with 100 nM adenosine was to 263 (241–274)pA
(***P <0.0001). When control was 158 (151–275)pA
(Fig. 6f), reduction with 1 μM ω-AgTx was to 89 (53–179)
pA and addition of 100 nM adenosine reduced the current
even more to 64 (41–148)pA. All changes were significant
(***P <0.0001; **P <0.025).

To determine whether A1-receptors modulation was
voltage-dependent or independent [47], we used a standard
double pulse protocol (Fig. 7). Two test voltage commands to
zero millivolts evoked Ca2+-current before (P1) and after an
80 mV pre-pulse (P2) in the absence (black trace) and in the
presence (gray trace) of CCPA. As expected, an increase in
amplitude and a change in kinetics of control current were

Fig. 5 A2A but not A1 receptor actions are blocked by dihydropyridines. a
Time course illustrates the sequential reductionwithCCPA and the reversal of
current amplitude with CGS 21680. The action of the A2A-receptor agonist
was blocked by 5 μMnicardipine. b Representative I-V plots taken from the
time course in a as indicated by the numbers. c Box plots summarizing a

sample of similar experiments (n=10 for control; n=6 for nicardipine, CCPA
and CGS). d Time course shows that 5 μM nicardipine administered first
occludes the action of high but not of low concentrations of adenosine. e
Representative I-V plots taken from the time course in d as indicated by the
numbers. f Box plots summarizing a sample of similar experiments (n=12)
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Fig. 6 Activation of adenosine A1-receptor mostly reduces current
through CaV2.2 (N) channels. a Time course illustrates that 1 μM ω-
conotoxin GVIA almost completely occluded the action of 100 nM
adenosine. b Representative I-V plots taken from the time course in a
as indicated by the numbers . c Box plots summarizing a sample of similar

experiments (n=9). d Time course illustrates that 1 μMω-agatoxin IVA
did not occlude the action of 100 nM adenosine. e Representative I-V
plots taken from the time course in a as indicated by the numbers. f Box
plots summarizing a sample of similar experiments (n =6)

Fig. 7 Most adenosine A1-receptors modulation is not voltage-depen-
dent. a Top: standard double pulse protocol. Middle: Evoked currents
before (black trace) and after (gray trace) CCPAwas added to the bath
saline. Bottom : enhanced traces evoked with zero millivolts commands
before (P1) and after the 80 mV pre-pulse (P2). Current increases in
amplitude and changes its kinetics during P2 suggesting constitutive G-

protein action. b However, percent amplitude modulation amplitude
before and after the 80 mV pre-pulse was non-significantly different
(n =10). c Ratio of second (P2) to first response (P1) was slightly
different, suggesting that most A1-receptor modulation is mainly non-
voltage-dependent
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observed in the current evoked after the 80mVdepolarization
(compare black traces before and after the pre-pulse). This is
due to some constitutive G protein activity on the channels
which is interrupted by the depolarization (see dashed lines
for comparison). In case the predominant action of A1-recep-
tors occurs through G proteins acting on the channel, the
difference between the currents evoked before and after the
pre-pulse should increase in the presence of the agonist
CCPA (gray traces). This was not the case; facilitation ratio
was 1.2±0.05 in control, suggesting constitutive G protein
action, while in the presence of CCPA it was 1.5±0.16,
suggesting that a very small part of the modulation was
voltage-dependent (n =10; P <0.1). During P1, percent am-
plitude modulation of the current was 35±6 % while it was
28±5 % for current evoked by P2 (n =10; NS), suggesting
that in the present conditions, most A1-receptor modulation
of the current is not voltage-dependent in SPNs.

In summary, both receptors, A1 andA2A, appeared to act via
their intracellular signaling cascades and not via a membrane
delimited, voltage-dependent mechanism. A2A-receptors only
acted in half the cells (putative iSPNs). A1-receptors activation
decreased current through CaV2.2 channels while A2A-recep-
tors acted increasing current through CaV1 channels. In the
soma of SPNs, it is known that CaV2 channels are the source of
Ca2+ that activates Ca2+-dependent K+-currents that make up
the after hyperpolarizing potential (AHP) and thus the
interspike intervals (ISIs) [4]. Therefore, suppressing this
Ca2+-source would reduce ISIs and make firing frequency to
increase [5]. Figure 8 shows that this inference was correct:
A1-receptors increased the number of action potentials fired to
the same stimulus in all SPNs tested (n =7; P <0.02). In
addition, enhancing Ca2+ current through CaV1 channels
would increase the number of action potentials fired to the
same stimulus since these channels enhance the depolarization
induced by the intracellular current step [5]. That is, in neurons
with both A1 and A2A receptors, the actions of these receptors
would be synergistic for excitability given their action on the
different Ca2+ currents [6, 8, 9, 38, 40, 42, 48]. This inference
was also correct, since in about half of the neurons tested
(Fig. 8; n =4/7) addition of CGS in the presence of CCPA
increased, even more, the number of action potentials
fired (P <0.05). Because only iSPNs are described to express
both A1 and A2A receptors, we assumed that it is in these
neurons were adenosine exerts its full facilitating actions.

Discussion

Two main sources of adenosine have been proposed [49, 50]:
one caused by the release done by nucleoside transporters after
ATP dephosphorylation, the other produced by ectonucleotidases
following high neuronal activity. Basal extracellular levels are ca.
40–120 nM [50–55], while micromolar concentrations are

reached during more intense neuronal discharge [52, 56–58].
Low [basal] adenosine concentrations stimulate A1-receptors
[46, 59, 60], while high concentrations activate A2A-receptors
[37, 45, 46, 60–62]. Taken together, these facts explain why the
results of the sequential activation of A1-receptors on A2A-recep-
tors activation was easily observed in dissociated cells taking
Ca2+-currents as effectors (reporters). However, the reason
why A1-receptors need to be occupied to observe the action
of A2A-receptors actions, although has been noted before
[36, 37, 46], is in need of further investigation. In fact, other
receptors, e.g., dopamine D2-receptors, may also fulfill that
role [33, 63, 64].

Fig. 8 A1 and A2A receptors have synergistic effects on excitability. a
Left and right columns illustrate the firing of a putative dSPN and an
iSPN, respectively, under a stimulus strength that allowed the firing of the
same number of action potentials in the control (step current at the
bottom). From top to bottom , these responses were subjected to different
conditions without changing the stimulus strength: First, addition of
CCPA (100 nM) an agonist of A1-receptors increased the number of
spikes fired in both neurons. Second, addition of CGS 21680 (1 μM)
an agonists of A2A-receptors, further increased the number of spikes fired
in iSPNs but not in dSPNs. Graph at the bottom shows the firing
behavior of n =7 neurons. All neurons responded to CCPA, but only four
out of seven neurons responded also to CGS
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Adenosine receptors modulate Ca2+-currents as other G
protein-coupled receptors

Adenosine signaling pathways are well known [11–22]; A1-
and A2A-receptors have been proposed to have opposite roles
by activating Gi/o and Gs/olf proteins, respectively [20–28, 46,
65, 66], similarly to dopamine D1- and D2-receptors [10] and
other G protein-coupled receptors. However, while opposing
dopamine receptors are located in different cell classes, dif-
ferent adenosine receptors are located in the same cell class:
iSPNs. This fact may confer special excitable functions to
iSPNs. Thus, a main goal of the present work was to disclose
the source of a possible difference in the excitability of iSPNs
due to purinergic mechanisms.

To see Ca2+-channels as final effectors to observe GPCRs
action down their signaling cascades has a long tradition. A
main reason is, precisely, the relation of these channels with
neuronal excitability and transmitter release [5, 21, 23, 33, 40,
41, 46, 48, 67]. SPNs express several classes of CaV1 and
CaV2 channels [5, 6, 8, 9, 38, 40, 42, 48]. For example, CaV1
current enhances excitability by decreasing firing threshold
and enhancing neuronal output range. Current through CaV1
channels amplifies the stimulus. In contrast, current through
CaV2 channels have opposed actions; they decrease excitabil-
ity by inducing the activation of Ca2+-dependent K+-currents.
These currents are in charge of the after hyperpolarizing
potentials and interspike intervals that low firing frequency
or control the amplitude of synaptic events [5, 33]. Adenosine
signaling on Ca2+-currents has been documented in other cell
classes [15–21]. Accordingly, we wanted to see whether op-
posing functions of these effectors, Ca2+-channels, may par-
allel expected opposing actions in signaling mechanisms.

As an antecedent, A1-type receptors activation decreases
glutamate release while A2A-receptors increase this release
[46]. But, to our knowledge, there was no reported evidence
that a similar case is present in the Ca2+-currents of the same
cell, iSPNs, expressing A1- and A2A-type receptors [12].

Here, we show that A1-receptors activation reduces CaV2.2
currents in all SPNs tested due to a mechanism that is mostly
non-voltage-dependent [6, 16–20, 68–75]. This action would
decrease AHPs and thus increase firing frequency [5] in SPNs;
that is, it would favor excitation. A1-receptors could be acti-
vated either with a specific agonist [CCPA] or by low con-
centrations of adenosine. In addition, in half of SPNs tested,
A2A-receptors enhanced CaV1 currents most probably through
a phosphorylation mechanism [12, 26–28, 76]. Phosphoryla-
tion of CaV1 channels by A2A-receptors activation has been
reported in conditions of high adenosine release [77]. This
action would lower firing threshold and favor evoked depo-
larization, also increasing the number of action potentials
fired. That is, opposing signaling cascades in the same cell,
which induce opposing actions on Ca2+-currents, may “para-
doxically” lead to a synergistic effect on excitability in iSPNs.

This hypothesis was tested with current-clamp experiments
and was confirmed.

To conclude, combined actions of A1 and A2A receptors on
half of SPNs tested, most probably iSPNs, induces and en-
hancement of excitability larger than that produced by the sole
activation of A1 receptors.

Only iSPNs express A2A-receptors [12]. A2A-receptors
could be activated either with a specific agonist (CGS
21680) or by increasing the concentration of the endogenous
transmitter [46, 60–62, 66]. In our hands, both actions were
blocked by the highly selective A2A-receptor antagonist, SCH
58261, suggesting specificity. In other words, the sequential
activation of receptors with opposing signaling, A1 and A2A,
decrease and increase, respectively, Ca2+-currents with oppos-
ing actions on cell excitability. These actions in turn lead to an
increase in excitability.

However, note that these actions were described in the
somatic region, where fast sodium-dependent action poten-
tials are generated. Another similar story has been partially
built in dendritic spines where synaptic inputs arrive [33]. But
further work is needed to link the known adenosine signaling
cascades with excitability. The extrapolation of the present
results with known channels actions [5, 41, 42] can lead to
useful explanatory hypothesis: Excitability of iSPNs is more
enhanced than that of dSPNs during models of Parkinson’s
disease (PD). This phenomenonmay in part be due to intrinsic
mechanisms originated in the same iSPNs. In addition, extrin-
sic mechanisms may alter cortical inputs, since synaptic ac-
tivity is increased [34]. Interestingly, although this increase in
synaptic activity can be regulated with A2A-receptor antago-
nists, this regulation is not accompanied with spines recovery,
thus disrupting a homeosthatic mechanism [34]. Previous
work has shown that spines stability depends in part on
CaV1 channels activity [76] that we demonstrate here are also
enhanced by A2A receptors, making this interplay difficult to
assess. In any case, the present results adds to a growing list of
evidences that supports the blockade of A2A-receptors as an
adjunct therapy for PD by balancing basal ganglia pathways.

Finally, we stress the notion that A2A-receptors’ action
causes a division of rat striatal projections neurons in two
halves: one half showing the response and the other without
the response. These results were very consistent and repro-
ducible in the different experimental samples. It is also known
that striatal projection neurons are divided in halves: one half
corresponds to the direct (dSPNs) and the other to the indirect
(iSPNs) basal ganglia pathways. And finally, it is known that
indirect pathway neurons (iSPNs) but not direct pathway
neurons (dSPNs) express A2A-receptors. Taken this informa-
tion together, we infer that neurons with both A1 and A2A

responses are indirect pathway neurons. These neurons are
precisely the neurons that increase their excitability during
Parkinson’s disease, when adenosine concentrations may be
very high.
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