
ORIGINAL ARTICLE

Presymptomatic and symptomatic ALS SOD1(G93A) mice differ
in adenosine A1 and A2A receptor-mediated tonic modulation
of neuromuscular transmission
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Abstract Amyotrophic lateral sclerosis (ALS) is a disease
leading to neuromuscular transmission impairment. A2A aden-
osine receptor (A2AR) function changes with disease stage,
but the role of the A1 receptors (A1Rs) is unknown and may
have a functional cross-talk with A2AR. The role of A1R in
the SOD1(G93A) mouse model of ALS in presymptomatic
(4–6 weeks old) and symptomatic (12–14 weeks old) phases
was investigated by recording endplate potentials (EPPs),
miniature endplate potentials (MEPPs), and quantal content
(q.c.) of EPPs, fromMg2+ paralyzed hemidiaphragm prepara-
tions. In presymptomatic mice, the A1R agonist, N6-
cyclopentyladenosine (CPA) (50 nM), decreased mean EPP
amplitude, MEPP frequency, and q.c. of EPPs, an effect quan-
titatively similar to that in age-matched wild-type (WT) mice.
However, coactivation of A2AR with CGS 21680 (5 nM)
prevented the effects of CPA in WT mice but not in presymp-
tomatic SOD1(G93A) mice, suggestive of A1R/A2AR cross-
talk disruption in this phase of ALS. DPCPX (50 nM) im-
paired CGS 21680 facilitatory action on neuromuscular trans-
mission in WT but not in presymptomatic mice. In symptom-
atic animals, CPA only inhibited transmission if added in the
presence of adenosine deaminase (ADA, 1 U/mL). ADA and

DPCPX enhanced more transmission in symptomatic mice
than in age-matched WT mice, suggestive of increase in ex-
tracellular adenosine during the symptomatic phase of ALS.
The data documents that at the neuromuscular junction of
presymptomatic SOD1(G93A) mice, there is a loss of A1R-
A2AR functional cross-talk, while in symptomatic mice there
is increased A1R tonic activation, and that with disease pro-
gression, changes in A1R-mediated adenosine modulation
may act as aggravating factors during the symptomatic phase
of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease that impairs motor neuron function
resulting in muscle weakness and atrophy. After symptomatic
onset, disease progression lasts 4–5 years with patients ulti-
mately suffering from bulbar failure. The majority of the cases
relate to unknown genetic mutations (sporadic ALS) with a
few (5–10 %) having a known genetic background in specific
proteins (familial ALS) [1]. The SOD1 encodes for the super-
oxide dismutase 1 enzyme and relates to ≈20 % of familial
cases [2]. It was the first gene associated with ALS and used to
create the SOD1(G93A) mouse model, which became the
most intensely studied and well-characterized rodent model
for the disease [3].

Adenosine is a key modulator of neuromuscular transmis-
sion, fine-tuning acetylcholine release by acting on both in-
hibitory A1 (A1R) and excitatory A2A (A2AR) adenosine re-
ceptors [4]. Early changes in neuromuscular transmission in
the SOD1(G93A) mouse appear before motor symptoms
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onset [5, 6]. On the other hand, A1Rs and A2ARs interact in
the control of synaptic transmission with potential implica-
tions in neurodegenerative diseases [7–10]. However, the
function of A1Rs on neuromuscular transmission in ALS re-
mains to be known.

In the present work, we explore the role of A1Rs on neu-
romuscular transmission in both the presymptomatic (4–6-
week-old mice) and symptomatic (12–14-week-old mice)
SOD1(G93A) mice and if these receptors are under control
of A2ARs at the presymptomatic phase. The results showed
that at presymptomatic ALS mice neuromuscular junctions,
the A1R/A2AR functional cross-talk is disrupted, and that in
the symptomatic phase, there is an exacerbated inhibitory
A1R tonic activation.

Methods

Ethics statement

The study herein reported was performed in accordance with
the European Community guidelines (Directives 86/609/EU
and 2010/63/EU, Recommendation 2007/526/CE, European
Convention for the Protection of Vertebrate Animals used for
Experimental or Other Scientific Purposes ETS 123/Appendix
A) and Portuguese Laws on Animal Care (Decreto-Lei 129/
92, Portaria 1005/92, Portaria466/95, Decreto-Lei 197/96,
Portaria 1131/97). Every protocol within this study was under
approval of the Portuguese National Authority (General
Direction of Veterinary) and the Ethics Committee of the
Instituto de Medicina Molecular of the Faculty of Medicine,
University of Lisbon, Lisbon, Portugal.

Animals

Transgenic B6SJL-TgN (SOD1-G93A)1Gur/J males
(Jackson Laboratory, No. 002726) (G93A) [3] and wild-type
B6SJLF1/J females were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred at IMM rodent
facilities where a colony was established. A B6SJL back-
ground was maintained by breeding SOD1(G93A) transgenic
males with non-transgenic females in a rotational scheme. F1
offspring was used in all experiments. Progeny was no longer
used in breeding to avoid mSOD1 gene copy number loss and
deviation from typical ALS phenotype [3]. The study used
presymptomatic (4–6 weeks old) and symptomatic (12–
14 weeks old) SOD1(G93A) mice and 4–6- and 12–14-
week-old wild-type (WT) animals that served as age-
matched controls. Both male and female mice were used in
equal proportions as in previous works, since no gender influ-
ences over the intrinsic features of neuromuscular transmis-
sion have been detected in the B6SJL-Tg(SOD1-G93A)1Gur/
J strain [5, 6].

Littermates were identified by dermal ear punching and
separated into cages according to gender. Ear tissue was used
in the genotyping protocol through polymerase chain reaction
(PCR) [2]. Animals were housed four to five mice/cage, under
a 12-h light/12-h dark cycle, receiving food and water ad
libitum.

Electrophysiological recordings

Rodents were anesthetized using isoflurane and immediately
decapitated. Right and left phrenic-nerve-attached
hemidiaphragm muscles were then isolated. The phrenic
nerve-hemidiaphragm preparation was used because it is the
nerve-muscle preparation where adenosinergic modulation is
better characterized. The phrenic-diaphragm has a large mar-
gin of safety, thus being one of the last muscles to be affected
by ALS progression [1]. Variation in the safety margin of
neuromuscular transmission, however, does not reflect in the
present work since in our experimental conditions, we elimi-
nated safety margin of neuromuscular transmission by
blocking muscle contraction with high Mg2+ (see BDrugs
and solutions^ section). In each experiment, one phrenic
nerve-hemidiaphragm preparation was stretched in a 3-mL
volume Perspex chamber continuously perfused via a roller
pump (3 mL min−1) with a physiologic saline solution (Krebs
and Henseleit solution, see BDrugs and solutions^ section)
continuously oxygenated. The other preparation was im-
mersed in a beaker with an oxygenated saline solution before
being set up in the recording chamber. No functional differ-
ences were found between right and left phrenic nerve-
hemidiaphragm preparations, allowing different protocols to
be tested per animal.

Intracellular recordings were performed in the convention-
al way [11–13]. The phrenic nerve was stimulated
supramaximally through a suction electrode (Cu/Cu2+) con-
nected to a S48 square pulse stimulator (Grass Tecnologies,
West Warwick, RI, USA). Stimuli were applied in a low fre-
quency of 0.5 Hz with a current duration of 20 μs. The refer-
ence electrode was an Ag-AgCl pellet immersed in the bath.
After checking for nerve-evoked contractions, muscle
twitching in response to nerve stimulation was prevented by
increasing the Mg2+ concentration in the bath (see BDrugs and
solutions^ section) and then a glass microelectrode filled with
KCl (3 M) and 15–40 MΩ resistance was inserted into the
motor endplate for electrophysiological recordings. Data ac-
quisition was performed by a Digidata 1440A digitizer
(Molecular Devices, Sunnyvale, CA, USA), designed to work
with the Axoclamp 2B amplifier (Molecular Devices,
Sunnyvale, CA, USA). Continuous monitoring and digital
storage of evaluated parameters were performed with ade-
quate software (pCLAMP 10.3, Molecular Devices,
Sunnyvale, CA, USA).
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Experiments were performed in endplates with a resting
membrane potential between −65 and −85 mV. Throughout
all experiments, the membrane potentials varied less than 5 %
of its baseline control value. Endplate potential (EPP) ampli-
tude was assessed as the average amplitude of 60 consecutive
EPPs (with amplitudes ranging between 1 and 5 mV). To
quantify the effect of a drug, the mean averaged EPP ampli-
tudes in the last 10 min before adding that drug (taken as
baseline control) was compared with the mean averaged
EPP amplitudes from the last 10 min of drug perfusion. The
quantal content (q.c.) of EPPs was calculated as the ratio be-
tween the mean EPP amplitude and the mean miniature
endplate potential (MEPP) amplitude acquired during the
same period. MEPPs were recorded in gap-free intervals of
100 s before initiating and at the end of drug perfusion. MEPP
amplitude in these animals exhibits a normal Gaussian distri-
bution allowing to set a MEPP detection threshold between
0.2 and 1 mV [5], while spontaneous events above 1 mVwere
considered as Bgiant^ and were not considered for analysis.
This allows to calculate q.c. of EPPs and MEPP frequency
with a reduced margin of error [5, 6]. MEPP amplitude was
defined as the mean of the amplitude of all spontaneous events
and the frequency as the number of events registered during
the 100 s. Offline analysis of evoked activity was performed
with Clampfit software (Molecular Devices, Sunnyvale, CA,
USA), while spontaneous events were analyzed with Mini-
Analysis software (Synaptosoft Inc., Decatur, GA, USA).

Drugs and solutions

The bathing solution was adapted from Krebs and Henseleit
[14] (NaCl 117 mM, KCl 5 mM, NaHCO3 25 mM, NaH2PO4

1.2 mM, glucose 11 mM, CaCl2 2.5 mM, MgCl2 1.2 mM, pH
7.4) continuously bubbled with 95 % O2 and 5 % CO2 main-
tained at room temperature (22–25 °C). Muscle contraction
was prevented by raising [Mg2+] to 18.5–19.5 mM in 4–6-
week-old animals and 20.0–22.0 mM in 12–14-week-old
mice, thus reducing the q.c. of EPPs but preserving the main
features of neuromuscular transmission [6, 11].

Drugs used were N6-cyclopentyladenosine (CPA), 2-p-(2-
carboxyethyl) phenethylamino]-5′-N-ethylcarboxamido
adenosinehydrochloride (CGS 21680), 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX), 5-amino-7-(2-phenylethyl)-2-(2-
furyl)-pyrazolo(4,3-e)-1,2,4-triazolo(1,5-c) pyrimidine (SCH
58261), adenosine deaminase type VI, 1803 U/mL, EC
3.5.44 (ADA), and 2-chloroadenosine (CADO). Stock so-
lutions (5 mM) of CPA, CGS 21680, SCH 58261, DPCPX,
and CADO were made in dimethyl sulfoxide. Aliquots
were kept frozen at −20 °C until used. At the maximal con-
centration applied to the preparation (1/100,000 v/v), dimethyl
sulfoxide was devoid of effect as now tested and previously
reported [11].

Statistical analysis

Data are reported as mean±standard error of the mean in each
group, with n corresponding to the number of animals used
(one endplate per hemidiaphragm).

Statistical comparison of drug effects between two groups
was done using Student’s t test for independent samples (un-
paired t test). Student’s t test for paired samples (paired t test)
was applied to data obtained before and after adding a drug
(e.g., mean MEPP frequency before drug perfusion and at the
end of this perfusion). Values of p<0.05 indicated statistically
significant differences.

Results

In presymptomatic SOD1(G93A) mice, the functional
interaction between A1R/A2AR is impaired

As illustrated in Fig. 1a, the A1R selective agonist CPA
(50 nM) decreased (p<0.05 paired t test) the mean EPP am-
plitude in presymptomatic SOD1(G93A) mice (−28.6±2.8 %,
n=6), as it did in age-matchedWTanimals (−25.2±4.7 %, n=
5), but these effects were not significantly different between
groups (p>0.05 unpaired t test). The A2AR agonist CGS
21680 (5 nM) increased mean EPP amplitude in both groups,
with the effect being significantly larger (p<0.05 unpaired t
test) in presymptomatic mice (23.5±3.0 %, n=13) than in
healthy controls (8.1±2.5 %, n=14) (Fig. 1b), as previously
described [6]. Prior activation of A2AR with CGS 21680
(5 nM) greatly impaired the inhibitory effect of CPA
(50 nM) in mean EPP amplitude in WT mice, but not in
presymptomatic SOD1(G93A) mice (Fig. 1c). An attenuation
of the inhibitory action of A1R by coactivation of A2AR is
known to occur at the neuromuscular junction [15] as well as
in the central nervous system synapses [9, 16] of young mice.
Our data with coapplication of receptor agonists indicates that
this functional interaction is disrupted in presymptomatic
SOD1(G93A) mice. Another hallmark of A1R/A2AR interac-
tion in youngmice is the ability of A1R receptor antagonists to
prevent facilitatory actions of A2AR agonists [11, 16]. To
further assess the A1R/A2AR cross-talk in presymptomatic
SOD1(G93A) mice, we then evaluated the influence of an
A1R antagonist, DPCPX (50 nM) over the facilitatory action
of the A2AR agonist, CGS 21680 (5 nM) on neuromuscular
transmission. As shown in Fig. 1d, the facilitatory action of
CGS 21680 (5 nM) on neuromuscular transmission of pre-
symptomatic mice remains in spite of the presence of
DPCPX (50 nM), therefore further supporting the hypothesis
that in presymptomatic mice, the functional cross-talk be-
tween A1R and A2AR is impaired. By itself, DPCPX
(50 nM) was virtually devoid of effect on mean EPP ampli-
tude both in presymptomatic SOD1(G93A) mice (2.5±3.0 %,
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n=6) or in age-matched WT mice (1.5±2.2 %, n=9). As ex-
pected, DPCPX (50 nM) effectively blocked the inhibitory
effect of CPA (50 nM) in either presymptomatic
SOD1(G93A) mice (n=4) or age-matched WT mice (n=3)
(Fig. 1e).

To evaluate the q.c. of EPPs, EPPs and MEPPs were re-
corded simultaneously. The mean MEPP amplitude was not
significantly changed in all experiments, confirming that
A1Rs and A2ARs act as presynaptic modulators [17]. After
perfusion of CPA (50 nM), MEPP frequency was decreased in
presymptomatic SOD1(G93A) mice as in age-matched WT
mice (p<0.05 paired t test). The q.c. of EPPs was also de-
creased by CPA (50 nM) in both groups of animals
(Table 1). As it occurred with mean EPP amplitude, the inhib-
itory effect of CPA (50 nM) on the q.c. of EPPs but not on
MEPP frequency was prevented inWTmice but not presymp-
tomatic mice when applied in the presence of the A2AR ago-
nist, CGS 21680 (5 nM) (Table 1). The A1R antagonist,
DPCPX (50 nM), significantly impaired A2AR activation by
CGS 21680 (5 nM) in WT mice, but not in age-matched
presymptomatic SOD1(G93A) mice (Table 1). As a whole,
therefore, data obtained while evaluating q.c. of EPPs and
frequency of MEPPs relates to the data obtained while record-
ing EPP amplitude, further confirming the presynaptic nature
of the effects.

Since in presymptomatic mice, there is a clear A2AR-
mediated facilitatory action of neuromuscular transmission
([6] and present work) together with a clear A1R-mediated
inhibitory action that becomes unaffected by A2AR activation
(Fig. 1a–d), we assessed the action of a receptor agonist,
CADO, which does not discriminate between both receptors,
therefore mimicking the action of adenosine with the advan-
tage of not being metabolized or taken up. As shown in
Fig. 1f, CADO at a nanomolar concentration (30 nM) caused
a clear facilitatory action on EPP amplitude, whereas at higher
concentrations (10 μM), it caused a clear inhibitory action on
EPP amplitude. Similarly, it caused a facilitation of MEPP
frequency and q.c. of EPPs at the nanomolar concentration

�Fig. 1 A1R-mediated modulation of neuromuscular transmission and its
action on presymptomatic SOD1(G93A) mice as compared with age-
matched WT mice. Note that in 4–6-week-old WT mice, the A1AR-
mediated action on mean EPP amplitude is impaired by the coaction of
the A2AR agonist, while the action of the A2AR agonist is blocked by
coapplication of an A1R antagonist. a CPA at 50 nM (n=5, WT, n=5,
SOD1(G93A)), b CGS at 5 nM (n=10, WT, n=10, SOD1(G93A)). c
CPA (50 nM) after prior application of CGS 21680 (5 nM) (n=4, WT;
n=5, SOD1(G93A)), d CGS 21680 at 5 nM after previous blockade of
A1R by DPCPX at 50 nM (n=4, WT, n=5, SOD1(G93A)), e DPCPX
(50 nM) blockade of CPA (50 nM) effect on mean EPP amplitude (n=4,
WT, n=5, SOD1(G93A)), f mean EPP changes and representative EPP
recording upon perfusion of CADO at 30 nM (n=5, WT; n=3,
SOD1(G93A)) and 10 μM (n=3, WT; n=3, SOD1(G93A)), g SCH
58261 at 50 nM when coapplied with CADO at 30 nM (n=4, WT, n=
3, SOD1(G93A)) in presymptomatic rodents, and h SCH (50 nM) in
wild-type (n=5) and SOD1(G93A) mice (n=5)
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but an inhibitory action at the micromolar concentration
(Table 1). Facilitatory actions of CADO on mean EPP ampli-
tude in aged animals are due to an action over A2AR [17].
Similarly, the facilitatory action of CADO (30 nM) on mean
EPP amplitude in presymptomatic mice could be attributed to
A2AR activation, since it was prevented by the A2AR antag-
onist, SCH 58261 (50 nM) (0.3±4.2 %, n=3, p>0.05 paired t
test; Fig. 1g). Also depicted in Fig. 1h, the A2AR antagonist
by itself was virtually devoid of effect on EPP amplitude (4.5
±2.1 %, n=5, p>0.05 paired t test).

Altogether, the above results indicate that in presymptom-
atic ALS mice, there is a disruption of the cross-talk between
A1R and A2AR, and that the inhibitory A1R-mediated action
is preserved in ALS mice. In contrast, as previously reported
[6], the A2AR-mediated facilitation is exacerbated.

Symptomatic SOD1(G93A) mice have an exacerbated
tonic A1R activation on neuromuscular transmission

Symptomatic SOD1(G93A) mice do not display A2AR-
mediated effects on neuromuscular transmission [6], and
therefore, we decided not to explore A1-A2AR functional
interactions at this stage and to focus our attention on the
influence of A1Rs in these animals. CPA (50 nM) decreased
the mean EPP amplitude in WT, but not in symptomatic

animals (p<0.05 unpaired t test) (Fig. 2a). Remarkably, in
the presence of ADA (1 U/mL), known to hydrolyze extracel-
lular adenosine into inosine (which has virtually no affinity for
A1R or A2ARs), the inhibitory effect of CPA (50 nM) on
mean EPP amplitude in symptomatic SOD1(G93A) mice
was rescued (p<0.05 paired t test) (Fig. 2b), while the pres-
ence of ADA did not influence the inhibitory action of CPA in
age-matchedWTmice (Fig. 2c). ADA (1 U/mL) (Fig. 2d) and
DPCPX (50 nM) (Fig. 2e) had a higher effect upon EPP am-
plitude in symptomatic mice than in age-matched controls
(p<0.05 unpaired t test) (Fig. 2d, e).

Altogether, these data suggest that the levels of adenosine
are increased at the synaptic cleft in symptomatic animals,
thus resulting in a higher tonic A1R activation in this group,
which occludes the action of exogenously applied agonists.
MEPP frequency and q.c. of EPPs detected were consistent
with mean EPP amplitude data, confirming the presynaptic
nature of the effects. This MEPP frequency and the q.c. of
EPPs (Table 2) were decreased in WT mice by CPA
(50 nM) (p<0.05 paired t test), while the A1R agonist was
virtually devoid of effect in SOD1(G93A) animals (p>0.05
paired t test). As it occurred with mean EPP amplitude, the
inhibitory action of CPA (50 nM) on MEPP frequency and
q.c. of EPPs was rescued in the presence of ADA (1 U/mL)
(Table 2). By itself, ADA (1 U/mL) increased MEPP

Table 1 A1R receptor activation decreased MEPP frequency in both
groups even after A2AR activation, while the results in the facilitation of
the q.c. of EPPs indicate the presence of a functional activation/blockade

interaction between A1R andA2AR in 4–6-week-oldWTmice that is not
present in SOD1(G93A) rodents

4–6 weeks old

MEPP frequency (% of effect) Quantal content of EPPs (% of effect)

Wild type SOD1(G93A) Wild type SOD1(G93A)

CPA 50 nM −22.9±4.2# (n=10) −24.5±3.4# (n=11) −26.2±2.6# (n=6) −24.7±5.0# (n=6)
CPA 50 nM (in the

presence of CGS
21680 5 nM)

−23.2±7.6# (n=4) −20.7±7.0# (n=4) −2.3±5.3*CPA50nM (n=4) −21.7±4.1#*WT (n=4)

CGS 21680 5 nM
(in the presence
of DPCPX 50 nM)

2.3±0.9 (n=6) −5.2±8.3*CGS 21680 (n=5) 0.0±2.2*CGS 21680 (n=6) 18.3±4.6#*WT (n=5)

DPCPX 50 nM −4.9±6.8 (n=6) 7.1±3.6 (n=6) 1.2±2.8 (n=8) 6.0±1.1 (n=5)

CGS 21680 5 nM −4.2±7.7 (n=10) 43.3±19.9#*WT (n=9) 8.3±2.3# (n=12) 24.0±4.1#*WT (n=13)

CADO 30 nM 8.4±6.6 (n=4) 33.1±6.4 #*WT (n=4) 13.8±1.1# (n=4) 28.3±5.0#*WT (n=4)

CADO 10 μM −22.5±8.7#*CADO30nM (n=3) −18.1±5.1#*CADO30nM (n=3) −22.9±4.2#*CADO30nM (n=5) −24.3±2.0#*CADO30nM (n=3)

CADO 30 nM
(in the presence
of SCH 58261
50 nM)

−3.6±4.2 (n=3) 3.3±5.4*CADO30nM (n=3) −0.7±2.0*CADO30nM (n=3) 1.8±4.3*CADO30nM (n=3)

SCH 58261 50 nM 2.4±2.3 (n=5) −0.6±3.2 (n=5) −1.9±3.2 (n=4) 3.2±1.1 (n=5)

The values are mean±SEM of % of drug effect. Results from presymptomatic SOD1(G93A) animals were compared with age-matched WT mice and
with each other. 100 % represents MEPP frequency or q.c. of EPPs before beginning drug perfusion of the drug under test

*p<0.05 unpaired t test vs similar parameters and drug in WT

#p<0.05 paired t test vs before drug perfusion
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Fig. 2 Symptomatic
SOD1(G93A) mice have a higher
A1R tonic modulation of mean
EPP amplitude when compared to
12–14-week-old WT mice; note
also that removal of endogenous
adenosine rescues the inhibitory
effect of the A1AR agonist in
symptomatic mice. a
Representative EPP recording
and changes of mean EPP
amplitude caused by CPA 50 nM
(n=17, WT, n=19,
SOD1(G93A)) and with prior
ADA (1 U/mL) application in b
SOD1(G93A) (n=11) and c WT
mice (n=5). Effect of d ADA
(1 U/mL) (n=14, WT, n=6,
SOD1(G93A)) and e the A1R
antagonist DPCPX (50 nM)
(n=7, WT, n=5, SOD1(G93A))
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frequency and q.c. of EPPs in both groups (p<0.05 paired t
test), the effect in the q.c. of EPPs being significantly higher in
SOD1(G93A) mice than in age-matched WT mice (Table 2)
(p<0.05 unpaired t test). The facilitatory action of DPCPX
(50 nM) on the q.c. of EPPs was also higher in
SOD1(G93A) mice than in age-matched WT controls
(p<0.05 unpaired t test).

Comparison between the effect of adenosine on A1R
activation at SOD1(G93A) neuromuscular junctions
upon disease progression

To allow the assessment of the differences in A1R modulation
throughout disease progression, we compared the effects be-
tween presymptomatic and symptomatic animals, and this
comparison is summarized in Fig. 3.

The decrease in mean EPP amplitude caused by CPA
(50 nM) in 4–6- and 12–14-week-old WT mice was similar
(Fig. 3a). In contrast, the A1R agonist was devoid of effect in
symptomatic mice but not in the presymptomatic
SOD1(G93A) mice (p<0.05 unpaired t test) (Fig. 3b). ADA
(1 U/mL) and DPCPX (50 nM) caused a greater dysinhibition
(p<0.05 unpaired t test) of mean EPP amplitude in symptom-
atic than in presymptomatic SOD(G93A) mice. This differ-
ence also emerged while comparing age-matched WT mice.
The same pattern applies for the excitatory action of CADO
(30 nM), which clearly enhanced (p<0.05 unpaired t test)
mean EPP amplitude in presymptomatic but not symptomatic
mice. This facilitatory action of CADO was more robust in
SOD1(G93A) mice than in healthy controls.

MEPP frequency was decreased by CPA (50 nM) in
presymptomatic but not in symptomatic mice (p<0.05 un-
paired t test), while in age-matched WT mice, A1R activa-
tion caused a similar inhibition of MEPP frequency. A1R
blockade (by DPCPX 50 nM) increased spontaneous

release frequency in the 12–14-week-old WT group but
not in the 4–6-week-old one (p<0.05 unpaired t test).
The decrease in the q.c. of EPPs promoted by CPA
(50 nM) in presymptomatic mice was not present when
symptoms appeared (p<0.05 unpaired t test). ADA (1 U/
mL) and DPCPX (50 nM) had a higher excitatory effect in
both groups of animals with 12–14 weeks of age when
compared to 4–6-week-old animals (p<0.05 t test). Thirty
nanomolars of CADO increased the q.c. of EPPs in both
groups of 4–6-week-old mice when compared to 12–14-
week-old rodents (p<0.05 unpaired t test).

Discussion

Major findings in the present work strongly indicate that the
A1R/A2AR functional cross-talk is lost in ALS and that
symptomatic mice display a higher A1R tonic activation than
age-matched controls.

In infant rats, it was observed that A2AR facilitatory ac-
tions on neuromuscular transmissionwere blocked in the pres-
ence of an A1R antagonist [11], while in young adult rats,
A2AR activation impairs A1R-mediated inhibitory actions at
the neuromuscular junction [17]. This A1/A2AR interaction is
also present in the hippocampus and cerebral cortex of young
adults [9, 16] but not of aged rats [16]. In rat astrocytes in
culture [18] and in transfected HEK-293T cells [19], A1R
and A2AR receptors form heterodimers on the cell surface,
reciprocally influencing the signaling mediated by A1R and
A2AR ligands [10]. Indeed, G-protein-coupled receptor
heterodimerization can affect receptor function [8]. Whether
the loss of functional interaction between A1R and A2ARs at
the neuromuscular junction of SOD1(G93A) mice reflects ab-
normal receptor-receptor interaction awaits further
clarification.

Table 2 Symptomatic SOD1(G93A) mice have a higher A1R tonic modulation ofMEPP frequency and q.c. of EPPs when compared to 12–14-week-
old WT mice

12–14 weeks old

MEPP frequency (% of effect) Quantal content of EPPs (% of effect)

Wild type SOD1(G93A) Wild type SOD1(G93A)

CPA 50 nM −23.0±3.1# (n=17) −0.8±4.4*WT (n=20) −18.6±2.1# (n=18) −6.3±2.1*WT (n=21)

CPA 50 nM (in the presence
of ADA, 1 U/mL)

−25.0±4.7# (n=5) −41.0±9.2#*CPA50nM (n=6) −19.3±4.1# (n=4) −16.3±3.5#*CPA50nM (n=11)

ADA 1 U/mL 29.3±6.3# (n=8) 28.0±8.8# (n=9) 7.0±1.7# (n=14) 15.5±2.8# *WT (n=7)

DPCPX 50 nM 26.1±10.0# (n=8) −8.4±6.4*WT (n=12) 12.1±2.1# (n=8) 25.3±2.5# *WT (n=6)

The values are mean±SEM of % of drug effect. Results from SOD1(G93A) animals were compared with age-matched WT mice (indicated with WT
symbol next to the statistical significance symbol) and with each other (indicated with drug name symbol next to the statistical significance)

*p<0.05 unpaired t test

#p<0.05 paired t test (as compared with control value before drug perfusion; control corresponds to 100 % in all cases)
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The loss of the functional cross-talk between adenosine
receptors has been associated with ageing or disease [8, 10,
16, 20]. Indeed, an early maturation or compensatory mecha-
nisms on neuromuscular transmission in SOD1(G93A) mice
may delay disease progression [5, 6]. The absence of interac-
tion between A1R/A2AR in presymptomatic mice, clearly
identified in the present work, implies an early dysfunction
at adenosine signaling even before disease onset. Thus, in
presymptomatic mice, A2AR receptors could be activated
by a low concentration of CADO suggesting that adenosine
at low concentrations may trigger an overactivation of the
A2AR downstream pathway. A2AR activation results in an
increase in the levels of intracellular Ca2+ [21], whereas A1R
activation decreases it [22]. Interestingly, intracellular Ca2+

homeostasis is dysfunctional in SOD1(G93A) mice motor
neurons [23]. One may then speculate that dysfunctional
A1R and A2AR signaling may play a role in Ca2+ in ALS.
An exacerbated A2AR-mediated action [6], along with the
presently reported loss of an A1/A2AR-mediated fine-tuning
of transmission, could render neuromuscular transmission to-
wards a hyperexcitable adenosinergic tonus that could con-
tribute to the Ca2+-mediated excitotoxicity in presymptomatic
ALS. Indeed, recent evidence showed that partial genetic ab-
lation of A2AR in the SOD1(G93A) mouse delayed disease
progression [24], further highlighting a role for these receptors
in disease progression.

In symptomatic mice, we observed that A1R had a more
pronounced tonic activation attributed to higher levels of

extracellular adenosine when compared to age-matched con-
trols. Increase in the levels of extracellular adenosine can re-
sult frommuscle or neuronal degeneration, mitochondrial dys-
function, inflammatory processes, or even abnormalities in
adenosine modulation (e.g., adenosine transporters or ATP
release and cleavage reactions) [25]. For example, in the
SOD1(G93A) mouse model, it was recently reported that ac-
tivation of the adenosine 5′-monophosphate-activated protein
kinase (AMPK) is increased throughout disease progression
[26]. AMPK activation is dependent on high AMP/ATP ratios
[27], thus suggesting that the increase in intracellular levels of
AMP, which can be converted into adenosine, could result in
higher endogenous levels of the nucleoside at the cleft since
adenosine transporters operate according to the concentration
gradient [28].

A1R function is kept during disease progression though the
influence of the exogenous ligand could only be into evidence
when recording extracellular adenosine. Accordingly, A1R
blockade markedly increases neuromuscular transmission in
12–14-week-old SOD1(G93A) mice. In lymphocytes from
ALS patients, A1R expression does not change as opposite
of A2ARs [29].

Previous studies on purinergic signaling in ALS focused
only on A2AR [6, 30, 31]. To our knowledge, this is the first
study focusing on A1R in ALS. Whereas A2AR activation
increases synaptic transmission by positively modulating
Ca2+-dependent release mechanisms [21, 32], A1R activation
at the prejunctional site decreases the release of acetylcholine

Fig. 3 Twelve- to 14-week-old mice have higher levels of endogenous
adenosine than 4–6-week-old mice with the A1R-agonist losing its effect
on neuromuscular transmission in symptomatic when compared to
presymptomatic mice. Representation of the mean EPP amplitude
changes in the last 10 min of drug perfusion from a 4–6- and 12–14-
week wild-type mice (CPA 50 nM n=5, 4–6-week-old WT, n=17, 12–
14-week-old WT; ADA 1 U/mL n=8, 4–6-week-old WT, n=15, 12–14-
week-old WT; DPCPX 50 nM n=8, 4–6-week-old WT, n=8, 12–14-

week-old WT; CADO 30 nM n=4, 4–6-week-old WT, n=9, 12–14-
week-old WT) and b presymptomatic and symptomatic rodents (CPA
50 nM n=6, presymptomatic, n=21, symptomatic; ADA 1 U/mL n=8,
presymptomatic, n = 7, symptomatic; DPCPX 50 nM n = 6,
presymptomatic , n = 6, symptomatic; CADO 30 nM n = 4,
presymptomatic, n=7, symptomatic). *p<0.05 unpaired t test; #p<0.05
paired t test (as compared with control value before drug perfusion)
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by reducing the levels of intraterminal Ca2+ [22].
Symptomatic SOD1(G93A) presents abnormal Ca2+ buffering
resulting in deficient Ca2+ handling during neuronal firing
[23]; therefore, the reported increase in A1R tonus in symp-
tomatic mice may act as a compensatory mechanism to delay
Ca2+-mediated excitotoxicity in later stages. A1R can increase
synchronization of acetylcholine release at mammalian neu-
romuscular junctions which could help to preserve synaptic
fidelity in high redox situations such as in ALS [33]. Whether
the loss of A2AR function and change in the A1R tonus could
be a result of disease progression or a means to decrease
excitotoxicity is open to debate.

In conclusion, the work herein documents the loss of a
functional cross-talk between A1R and A2AR at the neuro-
muscular junction of presymptomatic ALS mice and the en-
hanced A1R tonic activation in the symptomatic stage of the
SOD1(G93A) mouse model. The results thus suggest that
A1R and A2AR dysfunction is implicated in ALS. While
the loss of A1/A2AR comparatively in early disease stages
may push the balance towards enhanced excitotoxicity, the
enhanced tonic activation of A1R in late disease states may
contribute to neuromuscular transmission failure.
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