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Abstract

At the mouse neuromuscular junction, adenosine triphosphate (ATP), which is co-
released with the neurotransmitter acetylcholine (ACh), and its metabolite adeno-
sine, modulate neurotransmitter release by activating presynaptic inhibitory P2Y,,
receptors (a subtype of ATP/adenosine diphosphate [ADP] receptor), inhibitory A,
and A, adenosine receptors, and excitatory A,, adenosine receptors. To study the
effect of endogenous purines, when phrenic-diaphragm preparations are depolarized
by different nerve stimulation patterns, we analyzed the effect of the antagonists for
P2Y,,, A, A, and A, , receptors (AR-C69931MX, 8-cyclopentyl-1,3-dipropylxanthin
e, MRS-1191, and SCH-58261, respectively) on the amplitude of the end-plate poten-
tials of the trains, and contrasted these results with those obtained with the selec-
tive agonists of these receptors (2-methylthioadenosine 5’-diphosphate trisodium salt
hydrate, 2-chloro-N°-cyclopentyl-adenosine, inosine, and PSB-0777, respectively).
During continuous 0.5-Hz stimulation, the amount of endogenous purines was not
enough to activate purinergic receptors, while at continuous 5-Hz stimulation, an in-

cipient action of endogenous purines on P2Y,,, A, and A3 receptors might be evident

13’
just at the end of the trains. During continuous 50-Hz stimulation, the concentration
of endogenous ATP/ADP and adenosine exerted an inhibitory action on ACh release
after of the initial phase of the train, but when the nerve was stimulated at intermit-
tent 50Hz (5 bursts), this behavior was not observed. Excitatory A, , receptors were
only activated when continuous 100-Hz stimulation was applied. In conclusion, when
motor nerve terminals are depolarized by repetitive stimulation of the phrenic nerve,
endogenous ATP/ADP and adenosine are able to fine-tune neurosecretion depending

on the frequency and pattern of stimulation.
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Abbreviations: ACh, acetylcholine; AR-C69931MX, N-[2-(methylthio)ethyl]-2-[3,3,3-trifluoropropyl]thio-5'-adenylic acid, monoanhydride with (dichloromethylene)bis[phosphonic acid],
tetrasodium salt; ADP, adenosine diphosphate; ATP, adenosine triphosphate; CCPA, 2-ch|oro-Né-cyclopentyl-adenosine; CICUAL, Institutional Commission for the Care and Use of
Laboratory Animals; DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; EPP, end-plate potential; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; MEPPs, miniature end-plate

potentials; 2-MeSADP, 2-methylthioadenosine 5’-diphosphate trisodium salt hydrate; MRS-1191, (3-Ethyl-5-benzyl-2-methyl-4-phenylethynyl-6- phenyl-1, 4-(+)-dihydropyridine-3,5-,

dicarboxylate; nAChR, nicotinic acetylcholine receptor; NBTI, S-(p-nitrobenzyl)-6-thioinosine; NMJ, neuromuscular junction; PSB-0777, 4-[2-[(6-Amino-9-b-b-ribofuranosyl-9H-purin-
2-yl)thio]ethyl] benzenesulfonic acid ammonium salt; SCH-58261, 2-(2-Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine; SEM, standard error of
mean; VDCCs, voltage-dependent calcium channels; Vm, resting membrane potential.
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1 | INTRODUCTION

Synaptic transmission is under the control of extracellular purines,
which by activating their specific receptors (Rs), modulate the neural
activity. At the neuromuscular junction (NMJ), adenosine triphos-
phate (ATP)isreleased together with acetylcholine (ACh) into the syn-
aptic space, where it is degraded to adenosine via ectonucleotidases
(Cunha & Sebastido, 1991; Magalhies-Cardoso et al., 2003; Redman
& Silinsky, 1994). This means that the concentration of adenosine in
the synaptic cleft depends on synaptic activity (Magalhdes-Cardoso
et al., 2003; Silinsky & Redman, 1996), although the nucleoside
can be released as such via bi-directional nucleoside transporters
(Barroso et al., 2007; Correia-de-Sa et al., 1996) present in all cell
membranes (reviewed in Kong et al., 2004). Besides, it was described
that purines can be released from activated muscle fibers (Cunha &
Sebastido, 1993. Santos et al., 2003; Smith, 1991) and perisynaptic
Schwann cells (PSC, Liu et al., 2005; Todd & Robitaille, 2006).

It is known that, at motor nerve terminals, ATP/adenosine di-
phosphate (ADP) as well as adenosine regulates neurotransmitter
release when activating presynaptic inhibitory and facilitatory P2
and P1 Rs, respectively (Correia-de-Sa et al.,, 1996; De Lorenzo
etal., 2004, 2006; Giniatullin & Sokolova, 1998; Salgado et al., 2000;
Sebastido & Ribeiro, 2000; Sokolova et al., 2003; reviewed by
Ziganshin et al., 2020). At the mouse NMJs, we have previously
found that the cholinergic release is modulated by activation of in-
hibitory P2Y,,Rs (De Lorenzo et al., 2006; Guarracino et al., 2016;
Veggetti et al., 2008), A;Rs and A;Rs (Cinalli et al., 2013; De Lorenzo
et al., 2004), and excitatory A,,Rs (Palma et al., 2011).

At mature mammalian NMJs, high K* concentration induces a sus-
tained elevation of miniature end-plate potential (MEPP) frequency
which depends on the membrane potential depolarization of the
motor nerve terminals (Lliley, 1956). This enhancement in the asyn-
chronic ACh release is attributed to the increase in the Ca®*influx
through the voltage-dependent calcium channels (VDCCs) type
P/Q (Losavio & Muchnik, 1997; Protti & Uchitel, 1993), the same
channels that are involved in the electrically evoked ACh release
(Bowersox et al., 1995; Hong & Chang, 1995; Protti & Uchitel, 1993;
Wright & Angus, 1996), although under certain stimulation pattern
(Correia-de-Sé et al., 2000) or physiopathological conditions (Garcia
& Beam, 1996; Katz et al., 1996; Santafé et al., 2000), L-type VDCCs
may contribute to such release. We have recently studied the role
of the endogenous purines on cholinergic release when the nerve
terminals were depolarized by increased K* concentrations (10-
20mMKT™; Guarracino et al., 2018). We found that at 10mMK*, ATP/
ADP bound to P2Y,;Rs provoking the inhibition of ACh release,
whereas adenosine levels in the synaptic cleft were not enough
to activate A, A,,, and A;Rs possibly because the nucleoside was
carried out to the interior of the cells by equilibrative transporters.
In fact, inhibition of the adenosine uptake by NBTI provoked a re-
duction of 10mMK*-evoked ACh release which was prevented in
the presence of the AR antagonist 8-cyclopentyl-1,3-dipropylxan
thine (DPCPX), suggesting that endogenous adenosine was being
removed from the synaptic space by the transporters. At 15 and

Significance

At mammalian neuromuscular junction, adenosine triphos-
phate is co-released with acetylcholine, and once in the
synaptic cleft, it is hydrolyzed to adenosine. Both purines
bind to specific presynaptic receptors. We found that,
when motor nerve terminals are depolarized by electri-
cal stimulation, endogenous purines are able to modulate
neurotransmitter release depending on the frequency and
pattern of stimulation. These findings contribute to un-
derstand in more detail the role of the purines as neuro-
modulators of the cholinergic transmission and raise the
possibility to use selective ligands of the different puriner-
gic receptors as a therapeutic tool to improve neurotrans-

mission in the neuromuscular diseases.

20mMK™, endogenous ATP/ADP activated its Rs and endogenous
adenosine, now was able to bind to inhibitory A; and A;Rs. The ac-
tivation of excitatory A,,Rs could only be observed at 20mM K.
These findings suggest that, at high K* concentration, the activity
of the equilibrative nucleoside transporters was not enough to de-
crease adenosine concentration in the synaptic cleft.

Taken into account these results, the aim of this investigation was
to analyze the effect of endogenous nucleotides and nucleosides at
the mice NMJs when phrenic-diaphragm preparations are depolar-
ized by nerve stimulation. Although high K*- and electrically evoked
ACh release share some characteristics, the correlation between the
sustained depolarization induced by increased K concentrations
and the phasic depolarization provoked by increased stimulation
patterns (0.5-50Hz) is not clear. Thus, we studied the effect of the
antagonists for P2Y,,;, A,, A;, and A,,Rs on the end-plate potential
(EPP) amplitude when the phrenic nerve was stimulated at different
stimulation patterns. Then, the results were contrasted with those
obtained in the presence of agonists of each of the purinergic Rs.

2 | METHODS

2.1 | Preparations and solutions

All experimental studies were approved by the Institutional Animal
Care and Use Committee (IACUC of the Instituto de Investigaciones
Médicas Alfredo Lanari, Re. #058-17-059-17), and protocols were
performed following the National Institute of Health Guide for the
Care and Use of Laboratory Animals (NIH Publications no. 80-23),
revised 1996. Mice were housed in cages of four animals contain-
ing physical enrichment and kept on 12-h light-dark cycles, at
20+2°C and 60%-70% humidity. The cages were cleaned twice a
week, and food and water were available ad libitum. A total of 157
CF1 mice (83 males and 74 females), aged 12-32weeks (30-40g),
were anesthetized with ketamine 100mg.kg™ +xylazine 10mg.kg™
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intraperitoneally. The experiments were performed on left phrenic
nerve-hemidiaphragm preparations superfused with a bathing solu-
tion containing (mM): NaCl 135, KCI 5, CaCl, 2, MgCl, 1, p-glucose
11, HEPES 5, pH7.3-7.4, and bubbled with O,,.

2.2 | Electrophysiological recordings

Intracellular recordings were performed at the end-plate region
from muscle fibers using borosilicate glass microelectrodes (WP
Instruments, Sarasota, FL, USA) filled with 3M KCI and a resist-
ance of 5-10MQ. When resting membrane potential (Vm) was less
negative than -60mV or EPP had a rise time greater than 1ms, the
muscle fiber was excluded. We only accepted those fibers where
their Vm did not deviate by more than 5mV during the train. The
nerve was stimulated through a suction electrode placed near its
entrance to the muscle, with supramaximal stimuli (pulse width
0.1ms) at different stimulation patterns: continuous at 0.5Hz (50
pulses), continuous at 5Hz (750 pulses), continuous at 50Hz (750
pulses), intermittent at 50 Hz (5 bursts of 150 pulses, 20s interburst
interval, Correia-de-Sa et al., 1996), and continuous at 100 Hz (750
pulses). Each hemidiaphragm underwent only a single stimulation
paradigm in the presence of a single drug (agonist/antagonist for
P2Y,,, A, A,, or A,,Rs). Typically, in each experiment, EPPs were
measured at control solution (9-10 fibers) with the selected stimu-
lation frequency; then, the preparation was washed and incubated
with the antagonist/agonist of a purinergic receptor for 20-40min.,
and finally the EPPs were recorded in the solution containing the
drug with the stimulation pattern used in control saline (9-10 fib-
ers). A recovery period of 10-15min was allowed between trains.
Pulses were delivered by a Grass 548 stimulator (Grass Instruments,
Quincy, MA, USA) linked to a stimulus isolation unit (Grass SIU5).
To prevent muscle contraction during EPP recordings, a submaximal
concentration (0.8-1.6 uM) of d-tubocurarine was used. EPP ampli-
tudes were normalized to -75mV, assuming OmV as the reversal po-
tential for ACh-induced current (Magleby & Stevens, 1972), using the
formula Vc = [Vo x(-75)]/E, where Vc is the corrected EPP amplitude,
Vo is the observed EPP, and E the Vm. Signals were amplified with
Axoclamp 2B (Axon Instruments, USA), digitized with Digidata 1200
(Axon Instruments), and analyzed via the software pClamp 8.2 (Axon
Instruments). Experiments were performed at room temperature.

2.3 | Data analysis

Data are reported as mean +SD and n expresses number of animals.
Statistical analyses were performed in Graph Pad Prim 8 and Matlab
2017b. The sample size was calculated with G Power 3.1.9.7 using
values found in literature. The distribution of the data in each experi-
ment was tested for normality using Shapiro-Wilk test. No outliers
were identified and no data were excluded from the analysis. When
EPP amplitudes were measured in the same diaphragm, in the pres-
ence of control and antagonist/agonist solution, paired Student's

t test was used. Repeated measures one-way analysis of variance
(ANOVA) followed by Tukey test was used for the analysis of the
five bursts at 50Hz. Statistical comparisons among three or more
groups were performed using one-way ANOVA followed by Tukey
test (to compare all pairs of columns) or Dunnett test (to compare
all columns to control column). Differences were considered to be

significant when p < .05.

2.4 | Chemicals

2-chloro-N°-cyclopentyl-adenosine  (CCPA, 500nM), DPCPX
(0.1pM), 3-ethyl-5-benzyl-2-methyl-4-phenylethynyl-6- phenyl-1,
4-(+)-dihydropyridine-3,5-dicarboxylate (MRS-1191, 5uM), inosine
(100puMy), and 2-methylthioadenosine 5'-diphosphate trisodium salt
hydrate (2-MeSADP, 150nM) were purchased from Sigma-Aldrich
Corp., St. Luis, MO, USA; 2-(2-furanyl)-7-(2-phenylethyl)-7H-pyrazo
lo[4,3-e][1,2,4]triazolo[1,5-c]pyrimidin-5-amine (SCH-58261, 50nM)
and 4-[2-[(6-amino-9-b-D-ribofuranosyl-9H-purin-2-yl)thio] ethyl]
benzenesulfonic acid ammonium salt (PSB-0777, 20nM) were from
Tocris Bioscience, Ellisville, MO, USA; and N-[2-(methylthio)ethyl]-
2-[(3,3,3-trifluoropropyl) thio]-5’-adenylic acid, monoanhydride
with (dichloromethylene)bis[phosphonic acid], tetrasodium salt (AR-
C69931MX, 1uM) was obtained from Johnson Matthey Pharma
Services, Devens, MA, USA. All other reagents were of the highest
purity available. CCPA, DPCPX, MRS-1191, PSB-0777, and SCH-
58261 were made up in dimethyl sulfoxide, and inosine, 2-MeSADP,
and AR-C69931MX were made up in pure water. All stock solutions
were aliquoted and frozen at -20°C. Aqueous dilutions of these
stock solutions were made daily, and appropriate solvent controls
were done.

3 | RESULTS

3.1 | Activation of P2Y,;Rs by endogenous
ATP/ADP when ACh release is evoked by different
stimulation patterns

Nucleotide Rs can be divided into P2XRs, which are ligand-gated
ion channels, and P2YRs that are G protein-coupled Rs (Fredholm
et al., 1994; Ravelic & Burnstock, 1998). At NMJs, the presence of
both types of Rs was demonstrated (Choi et al., 2001; Deuchars
et al.,, 2001; Moores et al., 2005). So, it has been found that,
B,y-imido ATP facilitates [PH]ACh release (37°C, 5Hz) from rat hemid-
iaphragm preparations presumably by activation of P2XRs (Salgado
etal., 2000) but conversely, it was shown that ATP decreased evoked
neurosecretion by activating P2YRs at the frog NMJs (Giniatullin
& Sokolova, 1998; Sokolova et al., 2003) and, Galkin et al. (2001)
depicted that ATP reduced MEPP frequency and non-quantal ACh
release at mammalian NMJs due to a direct action on presynaptic
metabotropic P2Rs. In previous reports, we have demonstrated that
ATP and B,y-imido ATP activate P2YRs and decrease spontaneous
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release by a mechanism that involves the reduction of Ca®* entry
through the calcium channels related to spontaneous release
(De Lorenzo et al., 2006), as well as through an effect on a Ca%t-
independent step in the cascade of the exocytotic process (Veggetti
et al., 2008) and later on, we showed that the P2YR involved in the
modulation of ACh release was of the subtype P2Y,, (Guarracino
et al., 2016). The apparent discrepancy of our findings with those by
Salgado et al. (2000) might be due to differences in target species,
in the recording systems, or in the experimental temperature (22°C
vs. 37°C).

Our first goal was to study the effect of endogenous nucleo-
tides upon evoked ACh release by activating P2Y,;Rs when the
phrenic nerve was stimulated at 0.5, 5, and 50Hz (continuous and
intermittent stimulation). So, we analyzed the effect of the P2Y,.R
antagonist AR-C6993MX (1 uM, Fumagalli et al., 2004; Jacobson
et al., 2009; Marteau et al., 2003; Takasaki et al., 2001; Wirkner
et al., 2004) and the P2Y ;R agonist 2-MeSADP (150nM, Communi
et al., 2001; Guarracino et al., 2016; Kubista et al., 2003) on the
amplitude of the first EPP of the train, the mean amplitude of all
the EPPs of the train, the last 20 EPPs of the train and the relation
of the last 20 EPPs with respect to the first EPP during different
stimulation frequencies.

When at control conditions the nerve is stimulated at 0.5Hz,
EPP amplitude decreases along the train following a single exponen-
tial (data not shown), likely due to the decrease in the number of
synaptic vesicles of the pool of release-ready transmitter vesicles
(de Freitas Lima et al., 2010; Perissinotti & Uchitel, 2010; Zefirov
et al.,, 2009). At this nerve stimulation frequency, AR-C69931MX did
not modify any of the parameters of EPP amplitude (n = 4, Table 1,
Figure 1a,c). On the contrary, incubation of the preparations with
the P2Y, ;R agonist 2-MeSADP (n = 4) reduced the amplitude of the
first EPP to ~53% of control values as well as the amplitude of the
rest of the EPPs (Table 1, Figure 1b,c).

During 5-Hz stimulation (750 pulses), it is observed that at con-
trol solution, EPP amplitude declines along the train (~72% of the
initial EPP) with a temporal course that fitted with a bi-exponential
function: a fast phase that may reflect the rapid depletion of the rap-
idly releasable pool, and a slow phase that indicates a steady state
level of release that may correspond to the rate of refilling of the rap-
idly releasable pool with vesicles from the recycling pool (de Freitas
Lima et al., 2010; Perissinotti & Uchitel, 2010; Zefirov et al., 2009).
Figure 1d,f, and Table 1 depict that AR-C69931MX (n = 4) did not
significantly alter any of the EPP amplitude parameters compared
to control values. Conversely, the P2Y, ;R agonist 2-MeSADP (n = 4)
significantly reduced the amplitude of the first EPP and the average
of all EPPs of the train, but as it is observed in Table 1 and Figure 1e.f,
the mean amplitude of the last 20 EPPs of the train was not signifi-
cantly different from control solution. In fact, the ratio between the
mean amplitude of the last 20 EPPs of the train and the amplitude of
the first EPP in the preparations exposed to 2-MeSADP was greater
than that in control solution, suggesting that the inhibitory effect of
2-MeSADP during the last EPPs was lower than the effect upon the
first EPP (24% vs. 50%).

As it was observed by other authors (Bazzy, 1994; Fournier
et al,, 1991; Hubbard & Wilson, 1973; Krnjevic & Miledi, 1958;
Moyer & Van Lunteren, 1999), continuous stimulation of the phrenic
nerve at 50Hz (750 pulses) in control solution, also evidenced an ini-
tial fall of the EPP amplitude followed by a slow declination along the
train. The magnitude of the rundown at high frequency was ~88%
with respect to the initial EPP. At his stimulation rate, the P2Y, ;R
antagonist AR-C69931MX (n = 4), as expected, did not alter first EPP
amplitude, but significantly increased the mean amplitude of all EPPs
of the train, especially at the expense of the stationary phase (See
Figure 1g). So, AR-C69931MX significantly increased the mean am-
plitude of EPPs, the amplitude of the last 20 EPPs as well as the rela-
tion between the last 20 EPPs and the first EPP (Table 1, Figure 1g,i).
On the other hand, 2-MeSADP (n = 5) reduced the amplitude of the
initial EPP and the average of all EPPs of the train but not the ampli-
tude of the last 20 EPPs (Table 1, Figure 1h,i). Therefore, the relation
of the last 20 EPPs with respect to the first EPP was significantly
increased by 2-MeSADP when compared to control solution.

Considering that respiratory muscles are activated intermit-
tently, with a duty cycle as short as 0.25-0.35 (Kong & Berge, 1986;
St John & Bartlett Jr., 1979), we studied the effect of endogenous
purines when the phrenic nerve was stimulated at 50 Hz (750 pulses),
but through a series of 5 bursts of 150 pulses applied with a 20-s
interburst interval (Correia-de-Sa et al., 1996; Oliveira et al., 2004).
In control solution, it is observed the typical rundown of the EPP
amplitude in each burst which adjusted to a mono-exponential curve
and a recovery of the first EPP amplitude at the beginning of the sub-
sequent burst. We observed that the percentage of rundown of the
amplitude of the last 20 EPPs in relation to the first EPP in each burst
was lower than that observed with continuous 50-Hz stimulation
(~70% vs. ~88%). However, the percentage of declination of the EPP
amplitude during intermittent 50-Hz stimulation in each burst was
similar to that obtained during the first 150 pulses of continuous 50-
Hz stimulation. With this stimulation pattern, AR-C69931MX (n = 6)
did not modify the amplitude of the first EPP of each burst, the mean
amplitude of all EPPs, nor the mean amplitude of the last 20 EPPs
when compared to control solution. Nevertheless, when the relation
of the last 20 EPPs with respect to the first EPP was analyzed in each
burst, it was significantly higher than the control (Table 1, Figure 1j,1).
Conversely, 2-MeSADP (n = 5) in each burst reduced the amplitude
of the first EPP, the mean amplitude of all EPPs and the mean size of
the last 20 EPPs, although the relation last 20 EPPs/1° EPP was sig-
nificantly enhanced in the last 2 bursts (Table 1, Figure 1k,l). We did
not observed differences in the amplitude parameters inter-trains
(among the 5 bursts of each train, repeated measures ANOVA) stud-
ied in the presence of AR-C69931MX or 2-MeSADP. In summary,
data obtained during 50-Hz intermittent stimulation in the presence
of AR-C69931MX only depicted an increase in the relation of the
last 20 EPPs with respect to the first EPP, although this value (~31%
in the 5 bursts) is lower than that observed during the 50-Hz con-
tinuous stimulation (~68%), suggesting that, at high frequency, more
than 150 pulses are required to make the effect of endogenous nu-
cleotides really obvious.
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TABLE 1 Effect of AR-C69931MX and 2-MeSADP on end-plate potential (EPP) amplitudes during different nerve stimulation patterns

Solution

AR-C69931MX
n=4

2-MeSADP
n=4

AR-C69931MX
n=4

2-MeSADP
n=4

AR-C69931MX
n=4

2-MeSADP
n=>5

AR-C69931MX

-MeSADP

S b WONE N S ODMONPR

=5

Note: Values are expressed as % of control values (media+SD).

First EPP

98.54+20.38
t0.1435 p .8950

53.14+2.72***
t 34.49 <.0001

117.30+25.42
t1.358 p .2677

49.81+9.10 **
t11.03 p .0016

88.65+9.68
t2.345p .1008

44.52+7.43**
t16.71 p<.0001

92.38+27.04
87.32+19.89
91.13+24.44
92.13+23.63
95.97+30.15
F0.7062

57.38+11.89***
56.77 +£3.74***
57.07 £5.23***
55.98+4.21*
57.39+5.65"**
F114.3

EPPs?

95.10+21.86
t0.4485p .6842

60.16 +2.91***
t27.43 p <.0001

115.10+17.17
t1.753p .1778

69.63+17.63~
t 3.444 p .0411

120.50+4.27 **
t9.565 p .0024

67.47 +13.69**
t5.314 p .0060

112.50+27.12
111.90+20.73
111.80+18.79
111.90+19.74
114.40+19.86
F 1.905

64.05+5.49"*
66.93+8.43"*
69.57 £8.64*~
71.58+7.29***
71.88+6.36™"
F 81.90

Last 20 EPPs

97.56+23.47
t0.2077 p .8487

62.48+4.26***
t17.63 p .0004

110.40+20.12
t1.031p .3783

76.06+17.41
t2.751 p .0707

139.80+13.90 "
t5.724 p .0106

80.57+17.52
t2.480p .0682

115.20+26.33
113.40+20.94
113.00+17.66
116.40+20.46
121.90+23.82
F 2964

69.47 +12.26™**
72.51+12.67***
75.27 £22.37**
76.33+15.43**
79.81+13.69*
F11.85

Last 20 EPPs/first
EPP Stimulation rate
96.74+12.54 Continuous

t0.5204 p .6387

116.80+13.16
t2.552 p.0838

97.15+6.26
t0.9104 p .4297

151.00+19.69 *
t5.186 p .0139

168.10+£34.29 *
t3.971 p .0285

191.60+51.15 "
t4.006 p .0161

133.40+24.05***
138.50+18.53"**

0.5Hz (50 pulses)

Continuous
5Hz (750 pulses)

Continuous
50Hz (750 pulses)

Intermittent
50Hz (5 bursts of 150 pulses)

126.80+17.78***

129.10+20.37**
128.60+21.54**
F11.98

122.00+30.39
123.70+15.63
127.60+32.40
136.60+26.20"
140.60+28.27*
F5.278

@Mean amplitude of all EPPs evoked during the train. Paired Student's t test at continuous 0.5, 5, and 50 Hz. Repeated measures one-way analysis of

variance followed by Tukey test at intermittent 50 Hz.
***p<.001; **p<.01; *p<.05.

3.2 | Activation of inhibitory A, and A;Rs, and
excitatory A, ,Rs by endogenous adenosine when ACh
release is evoked by different stimulation patterns

Adenosine is a key modulator of neuromuscular transmission that
regulates ACh release by acting on inhibitory (A;, A;) and excita-
tory (A,,) adenosine Rs. At mammalian neuromuscular preparations,
Correia-de-Sa and Ribeiro (1996) found that the inhibitory effect
induced by activation of A|Rs prevails when the nerve is stimu-
lated at low frequency, whereas higher synaptic adenosine levels
are required to activate A,,Rs. Moreover, we have demonstrated,
by pharmacological and immunohistochemical studies, that A;Rs
are present at the motor nerve terminals and that inosine binds
selectively to these Rs (Cinalli et al., 2013). So, the next step was
to elucidate how the adenosine generated during 0.5-Hz, 5-Hz and
continuous and intermittent 50-Hz stimulation affects ACh release
by activating the different adenosine Rs.

When analyzing the effect of endogenous adenosine on inhibi-
tory A, and A;Rs we found that, at 0.5Hz (50 pulses), the A R antag-
onist DPCPX 0.1 uM (Lohse et al., 1987) did not modify the first EPP

amplitude, the mean amplitude of all EPPs, the mean size of the last
20 EPPs, and the ratio last 20 EPP/1° EPP (Table 2, Figure 2a,c,n = 5).
These data are coherent with the results obtained in the presence of
the A R agonist CCPA (500nM, n = 4, De Lorenzo et al., 2004). In this
condition, CCPA induced its typical inhibitory effect upon the ampli-
tude of all EPPs of the train (Table 2, Figure 2b,c). Similar results were
observed when experiments were performed at 0.5Hz in the pres-
ence of the A;R antagonist, MRS-1191 (5uM, Jacobson et al., 1997;
Jiang et al., 1996; Table 3, Figure 3a,c, n = 4), or the A;R agonist ino-
sine 100uM (Cinalli et al., 2013; Table 3, Figure 3b,c, n = 6).

During 5 Hz-stimulation (750 pulses), DPCPX (n = 6) did not affect
first EPP amplitude, mean amplitude of all EPPs, last 20 EPPs ampli-
tude, and last 20 EPP/1° EPP ratio (Table 2, Figure 2d,f). Conversely,
when the effect of CCPA (n = 5) was studied upon EPP amplitude pa-
rameters, it was observed that the A R agonist significantly reduced
the amplitude of the first EPP and the rest of the EPPs of the train,
although the relation between last 20 EPPs versus 1° EPP amplitude
was higher than in control solution (Table 2, Figure 2e,f). When an-
alyzing the action of endogenous adenosine on A;Rs we found that,
at 5Hz, MRS-1191 (n = 4) and inosine (n = 4) induced similar results
to that obtained with the A;Rs (Table 3, Figure 3d-f).
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FIGURE 1 Effect of the P2Y, ;R antagonist, AR-C69931MX, and the P2Y R agonist, 2-MeSADP, upon the end-plate potential (EPP)
amplitudes during continuous 0.5-Hz (50 pulses), continuous 5-Hz (750 pulses), continuous 50-Hz (750 pulses), and intermittent 50-Hz
stimulation (5 bursts of 150 pulses, 20s interburst interval). a, b, d, and e (left panel), g and h (left panel), j, and k show EPP amplitudes along
the trains/bursts in the presence of AR-C69931MX and 2-MeSADP, respectively, and expanded (d, e, g, h), during the first 50 pulses (upper
right panel) and last 250 pulses (lower right panel). Symbols and shades represent media+SD. (c, f, i, ) Summary graph (scatter plot with bar)
shows the action of AR-C69931MX and 2-MeSADP on the amplitude of the first EPP, the mean value of the amplitudes of all EPPs, the mean
value of the last 20 EPPs, and the ratio between the last 20 EPPs and the first EPP. Each point (individual experiment) and bar (media+SD)
represent the effect of the drug, expressed as % of change, with respect to its control. Continuous 0.5-, 5-, and 50-Hz stimulation:
***p<.001, **p<.01, *p<.05, paired t-test. Intermittent 50-Hz stimulation ***p <.001, **p<.01, *p <.05, repeated measures one-way analysis
of variance followed by Tukey test.
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TABLE 2 Effect of DPCPX and CCPA on end-plate potential (EPP) amplitudes during different nerve stimulation patterns

Solution First EPP EPPs® Last 20 EPPs
DPCPX 93.53+6.98 9497 +15.47 94.72+18.09
n=>5 t2.072 p .1070 t 0.7272 p .5074 t 0.6520 p .5499
CCPA 49.02+13.80** 53.40+16.89 * 53.44+17.76*
n=4 t7.391 p .0051 t5.519 p .0117 t5.242 p .0135
DPCPX 98.98+22.88 90.13+12.72 90.72+12.26
n=6 t 0.1095p .9171 t1.901p .1157 t1.855p.1228
CCPA 46.15+12.16*** 60.59 +13.30** 64.22+16.89**
n=5 t 9.898 p .0006 t 6.624 p .0027 t4.737 p .0091
DPCPX 99.56+17.89 121.90+13.76* 128.60+15.38*
n==6 t 0.06025 p .9543 t3.900p .0114 t4.564 p .0060
CCPA 46.05+11.04** 68.90+10.13** 79.31+13.88
n=4 t9.772 p .0023 t 6.142 p .0087 t2.980 p .0586
DPCPX

1 94.87 +12.03 95.73+26.09 92.13+20.23

2 97.01+21.66 92.70+20.75 90.44 +22.22
3 92.82+18.90 85.36+21.27 87.53+22.58

4 89.68+16.44 88.80+25.39 86.26+26.90

5 85.86+15.85 86.41+25.58 83.25+28.92
n==6 F1.636 F 1.288 F 1.562

CCPA

1 43.88+4.11 *** 57.40+6.41 *** 64.36+£9.23 ***
2 42.97 +5.14 *** 56.72+4.49 *** 62.08+5.49 ***
3 44,51 +7.10 *** 58.38+5.56 *** 63.58 +6.45 ***
4 40.67 £7.43 *** 58.45+5.04 *** 63.41+5.48 ***
5 43.70+4.44 *** 57.80+4.06 *** 63.57+£7.17 ***
n=4 F317.2 F211.8 F 86.78

Note: Values are expressed as % of control values (media+SD).

Last 20 EPPs/first EPP

102.70+14.78
t0.4146 p .6997

109.90+11.83
t1.679 p 1917

92.83+18.40
t0.954 p .3835

138.80+26.65"
t3.253 p .0313

127.60+21.20*
t3.194 p .0242

178.10+25.25**
t 6.182 p .0085

96.54 +14.49
94.16+17.13
94.04+10.42
95.34+21.69
94.04 +18.05
F 0.4961

148.40+23.03 "
144.30+15.68 *
145.70+30.42 "

161.10+33.39 **

145.30+18.79 *
F 8.67

Stimulation rate

Continuous
0.5Hz (50 pulses)

Continuous
5Hz (750 pulses)

Continuous
50Hz (750 pulses)

Intermittent
50Hz (5 bursts of 150 pulses)

Mean amplitude of all EPPs evoked during the train. Paired Student's t test at continuous 0.5, 5, and 50 Hz. Repeated measures one-way analysis of

variance followed by Tukey test at intermittent 50 Hz.
***p<.001; **p<.01; *p<.05.

When the stimulation frequency was increased to 50Hz (750
pulses), DPCPX (n = 6) did not change the amplitude of the 1° EPP, but
significantly enhanced the mean amplitude of all EPPs of the train, the
last 20 EPPs and the relation between the last 20 EPP/1° EPP when
compared to control values (Table 2, Figure 2g,i). As counterpart, CCPA
(n = 4) significantly decreased the amplitude of the 1° EPP and the mean
amplitude of the 750 EPPs of the train, whereas the mean amplitude
of the last 20 EPPs remained unchanged. Moreover, CCPA increased
last 20 EPPs/1° EPP ratio (Table 2, Figure 2h,i). As expected, at 50Hz-
continuous stimulation, endogenous adenosine also activated A;Rs. So,
MRS-1191 (n = 4) did not modify the amplitude of the first EPP but
significantly increased the average of the amplitudes of all EPPs, the last
20 EPPs and the relation between the last 20 EPPs and 1° EPP (Table 3,
Figure 3g,i) and inosine (n = 5) reduced the amplitude of the 1° EPP and
the mean amplitude of all EPPs of the train, although the average of the
last 20 EPPs was not significant different from controls, then increasing
the ratio last 20 EPPs/1° EPP (Table 3, Figure 3h,i).

The modulatory effect of the endogenous adenosine depicted
during continuous 50Hz-stimulation could not be observed when
the phrenic nerve was stimulated intermittently at the same fre-
quency (5 bursts of 150 pulses each one). So, DPCPX (n = 6) did not

change any of the EPP amplitude parameters compared with control
values, nor there were variations inter-bursts (Table 2, Figure 2j,1).
On the other hand, incubation of the preparations with CCPA (n = 4)
reduced the amplitude of the 1° EPP, the mean of the 150 EPPs and
the last 20 EPPs amplitude of each burst, but significantly increased
the last 20 EPPs/1° EPP ratio (Table 2, Figure 2k,l). We did not ob-
serve differences in the amplitude parameters among the five bursts
with the two drugs. Similar behavior was observed when the effects
of MRS-1191 (n = 5) and inosine (n = 5) were investigated at intermit-
tent 50-Hz stimulation (Table 3, Figure 3j-1).

The last step was to investigate the action of endogenous ade-
nosine on excitatory A,,Rs when the phrenic nerve was stimulated
at 0.5Hz, 5Hz, and continuous or intermittent 50Hz, in the pres-
ence of the selective A,,R antagonist (SCH-58261 50nM, Zocchi
et al., 1996) or the A,,R agonist PSB-0777 (20nM, El-Tayeb &
Gollos, 2013). To state the adequate concentration for PSB-0777
at the NMJ, we first analyzed the effect of the drug on MEPP fre-
quency in a concentration-response curve. As it is observed in
Figure 4a, the selected concentration was 20nM (EC50 5.76 nM).
PSB-0777 did not modify the MEPP amplitude, but increased its
frequency to 155.7+4.17% of control values (n = 4, p<.0001),
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FIGURE 2 Effect of the A,R antagonist, DPCPX, and the A;R agonist, CCPA, upon the EPP amplitudes during continuous 0.5-Hz (50
pulses), continuous 5-Hz (750 pulses), continuous 50-Hz (750 pulses) and intermittent 50-Hz stimulation (5 bursts of 150 pulses, 20s
interburst interval). a, b, d, and e (left panel), g and h (left panel), j, and k, show end-plate potential (EPP) amplitudes along the trains/bursts
in the presence of DPCPX and CCPA, respectively, and expanded (d, e, g, h), during the first 50 pulses (upper right panel) and last 250 pulses
(lower right panel). Symbols and shades represent media+SD. (c, f, i, I) Summary graph (scatter plot with bar) shows the action of DPCPX
and CCPA on the amplitude of the first EPP, the mean value of the amplitudes of all EPPs, the mean value of the last 20 EPPs, and the

ratio between the last 20 EPPs and the first EPP. Each point (individual experiment) and bar (media +SD) represent the effect of the drug,
expressed as % of change, with respect to its control. Continuous 0.5-, 5-, and 50-Hz stimulation: ***p <.001, **p<.01, *p <.05, paired t-test.
Intermittent 50-Hz stimulation ***p <.001, **p <.01, *p <.05, repeated measures one-way analysis of variance followed by Tukey test.
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TABLE 3 Effect of MRS-1191 and inosine on end-plate potential (EPP) amplitudes during different nerve stimulation patterns

Solution First EPP EPPs® Last 20 EPPs
MRS-1191 101.20+16.74 104.40+13.64 105.70+18.55
n=4 t 0.1421 p .8960 t0.6523 p .5607 t0.8417 p .4618
Inosine 66.46+14.98** 68.33+10.44*** 69.59 +10.10***
n==6 t 5.484 p .0027 t 7.431 p .0007 t 7.377 p .0007
MRS-1191 86.01+17.21 92.38+18.26 88.60+15.97
n=4 t1.626 p .2024 t0.8343 p .4653 t 1.0427 p .2488
Inosine 59.70+7.08** 66.72+8.43** 71.7+£9.13**
n=4 t11.38 p.0015 t 7.892 p .0042 t 6.337 p .0079
MRS-1191 110.00+15.88 136.50+22.33* 148.10+17.38*
n=4 t1.262p .2962 t3.281 p .0464 t5.536 p .0116
Inosine 70.20+15.44* 71.78+17.58* 79.20+16.77
n=>5 t4.315p .0125 t3.590 p .0230 t2.774 p .0501
MRS-1191

1 102.00+22.06 111.70+20.51 125.20+27.86
2 103.90+27.56 127.20+34.20 117.90+22.35
3 99.82+24.49 115.80+18.96 125.80+25.90
4 104.70+27.45 117.10+20.85 124.20+24.34
5 106.50+33.30 120.60+20.85 127.30+21.35
n=>5 F0.1383 F 3.029 F 4.570

Inosine

1 60.67 +9.38*** 76.29 +8.54*** 82.40+8.84***
2 61.51+10.52*** 77.91+7.31*** 82.49+10.81***
3 62.68+10.03*** 77.69 +6.40*** 81.77 +8.97 ***
4 60.14+12.54*** 77.58+8.21*** 84.25+6.74***
5 61.23+6.21"** 79.14 + 6.94*** 84.51+10.86**
n=>5 F477.3 F41.42 F15.17

Note: Values are expressed as % of control values (media+SD).

Last 20 EPPs/first
EPP Stimulation rate

107.10+11.74
t1.214 p .3115

109.80+13.28
t1.810p .1301

Continuous
0.5Hz (50 pulses)

100.5+5.58 Continuous
t0.1754 p .8720 5Hz (750 pulses)
119.30+6.69*

t 5.760 p .0104

123.60+11.60"
t4.076 p .0267

11470+ 6.22 **
t5.301 p.0061

Continuous
50Hz (750 pulses)

120.90+33.40
114.40+£24.73
128.80+£36.92
118.00+24.22
128.30+37.54
F2.371

Intermittent
50Hz (5 bursts of 150 pulses)

134.90+21.60"
136.50+28.18"
133.60+23.39 "
146.80+£33.65"*"
137.70+21.67**
F9.703

#Mean amplitude of all EPPs evoked during the train. Paired Student's t test at continuous 0.5, 5, and 50 Hz. Repeated measures one-way analysis of
variance followed by Tukey test at intermittent 50 Hz.

***p<.001; **p<.01; *p<.05.

indicating that the sensitivity of end-plates to ACh remained un-
changed, whereas the drug has a typically presynaptic effect. The
facilitatory effect of 20nM PSB-0777 on MEPP frequency became
evident after 20 min incubation with the drug (n = 4). Moreover, to
verify the effect of PSB-0777 on A, ,Rs in our model, we studied its
action in the presence of SCH-58261. The antagonist precluded the
facilitatory effect of PSB-0777 on spontaneous ACh release (SCH-
58261 95.72+10.78% of control values, SCH-58261+PSB-0777
92.60+6.08%, n =4, Figure 4b). These data indicate that PSB-0777,
at a concentration of 20nM, activates A,,Rs and induces a facilita-
tory effect on ACh release.

When the nerve was stimulated at 0.5Hz, SCH-58261 (n = 4)
did not provoke any change in the EPP amplitude along the train
(Table 4, Figure 5a,c). On the other hand, PSB-0777 (n = 4) signifi-
cantly increased the amplitude of the first EPP, the mean amplitude
of all the EPPs of the train and the last 20 EPPs, being the relation
last 20 EPPs/1° PP amplitude not different from control values
(Table 4, Figure 5b,c). Similar results were obtained when the effects
of the A,,R antagonist and the A,,R agonist were investigated on
EPP amplitudes at continuous 5-Hz and 50-Hz stimulation. As it
is shown in Table 4, Figure 5d,f,g,i, SCH-58261 did not modify the

amplitude of the first EPP, the mean amplitude of all EPPs of the
trains, the last 20 EPPs, and the last 20 EPP/1° EPP ratio when the
phrenic nerve was stimulated at 5Hz (n = 4) or at 50Hz (n = 5). Then,
as it was expected, PSB-0777 could induce its facilitatory effect on
ACh release by activating free A,,Rs at continuous 5Hz (n = 4) and
50Hz (n = 4), since the drug significantly enhanced the amplitude of
the EPPs along the trains, without affecting the last 20 EPP/1° EPP
relation when compared to control values (Table 4, Figure 5e,f,h,i).
The experiments performed with intermittent 50Hz stimulation in
the presence of SCH-58261 or PSB-0777 depicted similar results
to those obtained with the other stimulation patterns. SCH-58261
(n = 4) did not produce modifications in any of the amplitude EPP
parameters with respect to control values and PSB-0777 (n = 5)
significantly increased EPP amplitude along each burst (Table 4,
Figure 5j-1). Moreover, there were no differences in any of the stud-
ied parameters among the five bursts.

These results suggest that at 0.5, 5, and continuous or intermit-
tent 50Hz, the endogenous adenosine generated from ATP is not
enough to activate A, ,Rs allowing then the action of the exogenous
agonist. So, we decided in this case, to increase the stimulation fre-
quency to 100Hz to obtain the concentration of adenosine that
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FIGURE 3 Effect of the AjR antagonist, MRS-1191, and the A;R agonist, inosine, upon the end-plate potential (EPP) amplitudes during
continuous 0.5-Hz (50 pulses), continuous 5-Hz (750 pulses), continuous 50-Hz (750 pulses), and intermittent 50-Hz stimulation (5 bursts of
150 pulses, 20s interburst interval). a, b, d, and e (left panel), g and h (left panel), j, and k, show EPP amplitudes along the trains/bursts in the
presence of MRS-1191 and inosine, respectively, and expanded (d, e, g, h), during the first 50 pulses (upper right panel) and last 250 pulses
(lower right panel). Symbols and shades represent media+SD. (c, f, i, I) Summary graph (scatter plot with bar) shows the action of MRS-1191
and inosine on the amplitude of the first EPP, the mean value of the amplitudes of all EPPs, the mean value of the last 20 EPPs, and the

ratio between the last 20 EPPs and the first EPP. Each point (individual experiment) and bar (media+ SD) represent the effect of the drug,
expressed as % of change, with respect to its control. Continuous 0.5-, 5-, and 50-Hz stimulation: ***p <.001, **p <.01, *p <.05, paired t-test.
Intermittent 50-Hz stimulation ***p <.001, **p<.01, *p<.05, repeated measures one-way analysis of variance followed by Tukey test.
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FIGURE 4 (a) Effect of PSB-0777 on miniature end-plate
potential (MEPP) frequency (s™Y) as a function of its concentration.
Each point represents mean +SD (Control: 0.85+0.08, n = 10;
2.5nM 0.93+0.13,n=4; 5nM 1.06 +0.09, n= 6; 8nM 1.38+0.08,
n=4;10nM 1.42+0.12,n=8; 15nM 1.36 +0.07,n = 5; 20nM
1.47+0.11, n = 5. ***p< .001 versus control, analysis of variance
(ANOVA) followed by Dunnett's test; F 37.19, EC,,: 5.76nM. Arrow
indicates the selected concentration (20nM). (b) Effect of the A,,R
agonist, PSB-0777 and the A, ,R antagonist, SCH-58261 on MEPP
frequency (n = 4). SCH-58261 abolished the facilitatory effect of
PSB-0777. Each point (individual experiment) and bar (mean+SD)
are expressed as percentage of control values, ***p<.0001, F 41.16,
ANOVA followed by Tukey test.

allows activating A,,Rs. As it is shown in Table 4 and Figure 5m,o,
SCH-58261 (n = 6) did not change first EPP amplitude, but signifi-
cantly decreased mean EPP amplitude, 20 last EPP amplitude and
last 20 EPP/1° EPP ratio, whereas PSB-0777 (n = 4) increased the
amplitude of the first EPP, but did not significantly modify mean
EPP amplitude and last 20 EPP amplitude, being last 20 EPP/1° EPP
ratio lower than in control recordings (Table 4, Figure 5n,0).

4 | DISCUSSION

At mammalian NMJ, ATP is synchronously released with ACh
into the synaptic cleft, in a frequency-dependent manner

Neuroscience

(Magalhes-Cardoso et al., 2003) and thus, the adenosine generated
from it through ectonucleotidases, also depends on that frequency.
Parallel to this, the nucleoside can be released as such from nerve
terminals, muscle fibers, and PSCs (Cunha & Sebastido, 1993; Santos
et al., 2003; Smith, 1991; Todd & Robitaille, 2006). In that sense,
at rat NMJ, it was shown that phrenic nerve stimulation increased
ATP accumulation in the bath effluent ~60%, which was depend-
ent on extracellular Ca?* and on neuronal activity (O Ca?* and TTX,
respectively, prevented ATP outflow). In addition, electrical nerve
stimulation also increased adenosine accumulation by ~50%, but
paralysis of the muscle with p-conotoxin GIIIB, decreased nerve-
evoked ATP and adenosine outflow by 15% and 94%, respectively
(Barroso et al., 2007; Magalhdes-Cardoso et al., 2003; Noronha-
Matos et al., 2011). On the other hand, it was recently suggested that
activation of a7ZnAChRs, localized on the PSCs (Petrov et al., 2014),
controls tetanic-induced ACh spillover from the NMJ by promoting
adenosine release outflow from PSCs through equilibrative adeno-
sine transporters and retrograde activation of presynaptic A;Rs
(Noronha-Matos et al., 2020; Petrov et al., 2014). In our experimen-
tal model, performed in curarized preparations, it is likely that pu-
rines come only from nerve terminals and not from muscle fibers
and/or PSCs, since d-tubocurarine blocks both, (a1),18enAChRs
and a7nAChRs, expressed on skeletal muscle fibers and PSCs, re-
spectively (Chavez-Noriega et al., 1997; Petrov et al., 2014).

The present data provide evidence that, at the mouse NMJs,
depolarization of motor nerve terminals during repetitive stimu-
lation of the phrenic nerve generates endogenous purines able to
modulate ACh release depending on the stimulation pattern. During
0.5-Hz stimulation, neither the antagonists for inhibitory receptors:
AR-C69931MX for P2Y,;Rs, DPCPX and MRS-1191, for A; and A;Rs
respectively, nor the antagonist for the excitatory A,,Rs, SCH-
58261, induced changes in the amplitude parameters studied (first
EPP amplitude, the mean amplitude of all the EPPs of the train, the
last 20 EPPs of the train and the relation of the last 20 EPPs with
respect to the first EPP). On the other hand, the agonists of the pu-
rinergic receptors—2-MeSADP, CCPA, inosine, and PSB-0777, for
P2Y,,, A}, A; and A, ,Rs, respectively—provoked their typical mod-
ulatory effect on the evoked neurotransmitter release, being these
results similar to those found by others authors in neuromuscular
preparations (Bennett et al., 1991; Cinalli et al., 2013; Correia-de-Sa
et al., 1991; Giniatullin & Sokolova, 1998; Ginsborg & Hirst, 1972;
Guarracino et al., 2016; Sokolova et al., 2003). In fact, 2-MeSADP,
CCPA, and inosine reduced the amplitude of all the EPPs of the train,
whereas PSB-0777 increased it. These results suggest that at low
stimulation rate (0.5Hz) the concentration of endogenous purines
in the synaptic cleft is not enough to activate purinergic Rs and to
generate a modulatory response on neurosecretion, thus allowing
the action of the exogenous agonists. It is likely that at low stimula-
tion frequency, the ATP co-released with ACh has sufficient time to
be degraded to adenosine, being the nucleoside carried into the cells
by equilibrative nucleoside transporters following its concentration
gradient (Correia-de-Sa & Ribeiro, 1996; Kong et al., 2004; Sebastido
& Ribeiro, 1988).
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TABLE 4 Effect of SCH-58261 and PSB-0777 on end-plate potential (EPP) amplitudes during different nerve stimulation patterns

Solution First EPP EPPs? Last 20 EPPs
SCH-58261 104.90+21.63 103.60+8.70 103.63+7.81
n=4 t 0.4517 p .6821 t0.8336 p .4657 t 0.9236 p .4238
PSB-0777 140.02+11.56** 136.50+9.21** 137.50+15.48*
n=4 t 6.950 p .0061 t7.923 p .0042 t4.852 p.0167
SCH-58261 105.70+6.48 106.40+11.31 108.40+13.41
n=4 t1.754 p 1778 t1.138 p.3376 t1.260 p .2969
PSB-0777 152.20+18.48* 159.80+19.45** 167.20+25.65*
n=4 t5.652 p.0110 t 6.154 p .0086 t 5.244 p .0135
SCH-58261 93.21+20.46 96.87+11.72 91.70+18.75
n=>5 t 0.7418 p .4994 t0.5967 p .5828 t0.9897 p .3783
PSB-0777 142.70+16.22* 143.30+12.32** 159.20+15.60**
n=4 t5.269 p.0133 t 7.026 p .0059 t 7.596 p .0047
SCH-58261

1 98.04+15.13 101.80+9.08 100.90+10.41

2 105.40+17.27 105.10+5.73 108.50+9.56

3 108.90+15.99 105.90+4.11 107.10+5.90

4 111.10+13.46 107.00+7.11 107.50+13.00

5 110.40+11.44 110.10+6.31 107.00+12.76
n=4 F1.515 F 2.848 F 1.298
PSB-0777

1 143.40+17.34** 151.70+26.16*** 149.00+25.78***
2 139.00+25.74* 147.00+21.12*** 147.10 +21.12***
3 143.10+22.44** 140.80+18.98*** 147.90+24.05***
4 149.80+30.21*** 144.90+19.50*** 141.50+20.51***
5 148.90+36.38*** 148.00+19.85*** 144.00+16.68***
n=>5 F11.30 F21.49 F20.12
SCH-58261 98.82+13.56 82.75+12.99 82.22+11.78 *
n==6 t0.2123 p .8403 t 3.254 p .0226 t 3.698 p .0140
PSB-0777 157.77 £19.46** 108.00+9.65 110.50+13.46
n=4 t 5.938 p .0095 t1.652p .1972 t1.559 p.2168

Last 20 EPPs/first

EPP
97.61+12.67
t0.3777 p 7308

97.80+10.70
t0.4110 p .7087

100.40+15.44

t0.04723 p .9653

110.00+22.39
t 0.8967 p .4360

99.13+27.72
t0.0703 p .9473

109.40+11.97
t1.567 p.2151

102.90+13.27
104.90+7.40
99.12+8.48
96.00+14.69
97.64+14.31
F0.4675

104.70+6.46
110.70+20.67
114.90+30.38
100.40+20.50
104.30+21.61
F 0.9202

87.85+10.92*
t2.726 p .0415

69.84+8.77**
t6.875p.0063

Stimulation rate

Continuous
0.5Hz (50 pulses)

Continuous
5Hz (750 pulses)

Continuous
50Hz (750 pulses)

Intermittent
50Hz (5 bursts of 150 pulses)

Continuous
100Hz (750 pulses)

Note: Values are expressed as % of control values (media+SD).

Mean amplitude of all EPPs evoked during the train. Paired Student's t test at continuous 0.5, 5, 50, and 100 Hz. Repeated measures one-way

analysis of variance followed by Tukey test at intermittent 50Hz.
***p<.001; **p<.01; *p<.05.

During continuous 5-Hz stimulation (750 pulses), the results
obtained with the antagonists and agonists for the P2Y,,, A, and
A;Rs were intriguing. Incubation of the preparations with AR-
C69931MX, DPCPX, and MRS-1191 showed that, at 5-Hz stimula-
tion, there were no significant changes in any of the parameters of
amplitude recorded during the train. This behavior might be due
to the rapid metabolism of ATP and adenosine and/or to the up-
take of the nucleoside by equilibrative transporters. In this regard,
Correia-de-S4a et al. (1996) found that, at 5Hz, adenosine deami-
nase (ADA), the enzyme that deaminates adenosine into inosine,
increased evoked [*H]ACh release from rat phrenic nerve endings
by about 30% and that the nucleoside uptake blocker NBTI in-
creased endogenous adenosine concentration and provoked an
inhibitory effect on evoked [*H]ACh release that was enhanced as
the number of pulses per train increased. The authors interpreted
the increase in ACh release induced by ADA as endogenous ade-
nosine exerting an inhibitory “tone” over neuromuscular transmis-

sion. If we only consider our results obtained with AR-C69931MX,

DPCPX, and MRS-1191, we cannot reach that conclusion. This
discrepancy might be due to differences between species, in the
experimental model, or in the temperature of the bath (22°C vs.
37°C). In this sense, Masino et al. (2001) showed that increase in
hippocampal slices temperature enhanced the adenosine concen-
tration in the extracellular space. However, when experiments
were performed (5Hz) in the presence of the agonists for P2Y,,
A,, and A4Rs, we found that the typical inhibitory action on EPP
amplitude seemed to be less evident by the end of the train (only
statistical significant for P2Y,;Rs) (2-MeSADP ~50% of inhibition
in the first EPP vs. ~24% in the last 20 EPPs; CCPA ~54% of inhi-
bition in the first EPP vs. ~36% in the last 20 EPPs; inosine ~40%
of inhibition in the first EPP vs. ~29% in the last 20 EPPs), which
made that the ratios of the last 20 EPPs/first EPP were significant
greater with 2-MeSADP, CCPA, and inosine compared to controls.
One could speculate that, just at the end of the trains, the con-
centration of endogenous purines begins to increase in the syn-
aptic cleft, thus activating some Rs and somewhat diminishing the
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FIGURE 5 Effect of the A,,R antagonist, SCH-58261, and the A, ,R agonist, PSB-0777, upon the end-plate potential (EPP) amplitudes
during continuous 0.5-Hz (50 pulses), continuous 5-Hz (750 pulses), continuous 50-Hz (750 pulses), intermittent 50-Hz stimulation (5 bursts
of 150 pulses, 205 interburst interval), and continuous 100-Hz stimulation. a, b, d, and e (left panel), g and h (left panel), j, k, m, and n (left
panel) show EPP amplitudes along the trains/bursts in the presence of SCH-58261 and PSB-0777, respectively, and expanded (d, e, g, h,

m, n), during the first 50 pulses (upper right panel) and last 250 pulses (lower right panel). Symbols and shades represent media+SD. (c,

f, i, 1, 0) Summary graph (scatter plot with bar) shows the action of SCH-58261 and PSB-0777 on the amplitude of the first EPP, the mean
value of the amplitudes of all EPPs, the mean value of the last 20 EPPs, and the ratio between the last 20 EPPs and the first EPP. Each

point (individual experiment) and bar (media +SD) represent the effect of the drug, expressed as % of change, with respect to its control.
Continuous 0.5-, 5-, 50-, and 100-Hz stimulation: **p <.01, *p <.05, paired t-test. Intermittent 50-Hz stimulation ***p <.001, **p <.01,

*p <.05, repeated measures one-way analysis of variance followed by Tukey test.

inhibitory action of agonists on cholinergic release. Eventually,
increasing the frequency of stimulation or the number of applied
pulses might allow endogenous purines to reach a concentration
sufficient to permit observing effects of the antagonists.

On the other hand, at 5Hz, endogenous purines were not able
to generate an excitatory response by activation of A, ,Rs, since the
antagonist of these Rs, SCH-58261, did not alter the EPP parameters
and the selective A,,R agonist PSB-0777 depicted its facilitatory
effect along the trains.

When the nerve was stimulated at continuous 50Hz, exposition
of the preparations to AR-C69931MX did not modify the amplitude

of the first EPP, but significantly increased the mean amplitude of all
EPPs of the train, that of the last 20 EPPs, as well as the ratio last 20
EPPs/1° EPP. When the experiments were performed in the presence
of the agonist 2-MeSADP, it was observed a significant reduction of
the amplitude of the first EPPs that was less evident along the train: the
last 20 EPP amplitudes were not different from control values and the
relation last 20 EPPs/1° EPP was ~92% greater than its control. These
data suggest that the level of endogenous nucleotides in the synaptic
space, along 750 pulses at 50Hz, is able to activate to the P2Y,;Rs
generating an inhibitory tonus upon ACh release. The fact that AR-
C69931MX did not provoke an increase in the amplitude of the first
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EPP and that 2-MeSADP induced an inhibitory effect at the beginning
of the train would indicate that basal ATP/ADP is not enough to induce
a modulatory effect during the initial phase of the stimulation.

Similar results were observed when it was evaluated the effect
of the endogenous adenosine upon A; and A;Rs during continu-
ous 50Hz stimulation. DPCPX and MRS-1191 did not affect first
EPP amplitude, but significantly enhanced the other EPP parame-
ters, suggesting that as the train progresses, sufficient adenosine
is being accumulated in the synaptic space and so, A, and A;Rs are
activated. These data are coherent with those obtained in the pres-
ence of the A; and A;R agonists; CCPA and inosine decreased the
first EPP amplitude but this modulation decreased during the rest
of the train. One can speculate that, at this stimulation rate, equil-
ibrative transporters might become saturated, causing an increase
in the endogenous adenosine concentration and consequently
activation of the inhibitory Rs, which would interfere with the ac-
tion of the exogenous agonists. Similar results were obtained by
other authors at this stimulation rate (Perissinotti & Uchitel, 2010).
Although it was suggested that during continuous 50-Hz stimu-
lation, the released ATP and/or ADP generated can feed-forward
inhibit the ecto-5"-nucleotidase impairing adenosine generation
(Correia-de-Sa et al., 1996); in our experimental model, this mech-
anism appears not to be the case, since the inhibition of A; or A;Rs
by DPCPX and MRS-1191 increased EPP amplitude after the begin-
ning of the train and remained so until the end of the train, suggest-
ing that during continuous 50-Hz stimulation enough endogenous
adenosine is present to activate the inhibitory Rs.

Conversely, endogenous adenosine generated during continuous
50Hz did not activate excitatory A,,Rs since SCH-58261 did not
alter any of the EPP parameters and PSB-0777 increased the EPP
amplitude throughout the entire train. At rat NMJ, Correia-de-Sa and
Ribeiro (1996), showed that adenosine concentrations between 10
and 100pM inhibited the release of [PH]-ACh by activation of A,Rs
while high concentrations (>100 pM) increased it when the nucleoside
binds to A, ,Rs. In that sense, our experiments performed at 100Hz
(750 pulses) demonstrated that SCH-58261 reduced EPP amplitudes
after the onset of the train, and PSB-0777 increased the amplitude of
the first EPPs, but unlike 50 Hz, the agonist did not significantly mod-
ify the mean EPP amplitude and the last 20 EPP amplitude; so, the last
20 EPPs/1° EPP ratio was ~75% lower than the control recordings.
These data suggest that, at 100Hz, the adenosine concentration in
the synaptic cleft reached a value able to activate A, ,Rs, thus impair-
ing the action of the exogenous agonist after the initial phase.

When experiments were performed at intermittent 50-Hz
stimulation (5 bursts of 150 pulses), we observed that, in all ex-
perimental situations, the degree of rundown of the EPP ampli-
tude during intermittent stimulation (70%) is coincident with that
obtained with continuous 5-Hz stimulation (~72%). In this sense,
Correia-de-Sa et al. (1996), at rat NMJs, found that the quantity of
[PH]-ACh release in 5Hz and 5 bursts at 50Hz is not significantly
different. With this stimulation pattern, incubation of the prepa-
rations with AR-C69931MX did not depict significant changes in
any of the parameters of EPP amplitude, except in the last 20 EPP/

first EPP ratio, which was higher than controls. On the contrary,
the agonist 2-MeSADP decreased all EPP parameters in each burst,
but increased the relation last 20 EPPs/first EPP, being significant
in the last two bursts. These results indicate that at intermittent
50-Hz stimulation, unlike what happens with continuous 50-Hz
stimulation, the concentration of endogenous nucleotides in the
synaptic space in each burst does not induce a relevant modulatory
response on neurotransmission. Similar results were observed with
the antagonists and agonist of the inhibitory A, and A;Rs; we only
observed an increase in the relation last 20 EPPs/first EPP in the
presence of CCPA and inosine compared with their controls. These
data suggest that more than 150 pulses are needed to generate suf-
ficient adenosine able to activate A; and A;Rs. Furthermore, as it
was expected, the excitatory A,,Rs were not activated by the en-
dogenous adenosine when the nerve was stimulated intermittently.

The differences observed with the results obtained at 50Hz
with continuous or intermittent stimulation indicate that the mod-
ulation of ACh release by endogenous purines not only depend on
the stimulation frequency, but also on the pattern of stimulation,
as it was previously suggested by Correia-de Sa et al. (1996) at rat
NMJ.

The fact that A, and A;Rs were activated by the endogenous ade-
nosine accumulated extracellularly when the nerve was stimulated at
50Hz, whereas the facilitation induced by A,,Rs was only apparent
when adenosine concentration was increased at 100Hz stimulation,
might suggest that inhibitory Rs have higher affinity for adenosine
thanthe A,,Rs (Correia-de-Sa & Ribeiro, 1996; Daly, 1982; Dunwiddie
& Masino, 2001; Londos et al, 1980; Stockwell et al., 2017).
Alternatively, the presence of crosstalk between A;-A, R heteromers
might provide a switch mechanism by which low and high concen-
trations of synaptic adenosine produce opposite effects on ACh re-
lease (Correia-de-Sa et al., 1996). In this regard, Ciruela et al. (2006)
demonstrated in radioligand-binding experiments in co-transfected
cells and rat striatum that heteromerization of A, and A,,Rs allows
adenosine to exert a fine-tuning modulation of glutamatergic neuro-
transmission since activation of A, \Rs reduces the affinity of the A|Rs
for agonists. Likewise, there are several examples in different prepa-
rations of a functional cross-talk between P2 and P1 Rs (e.g., Dias
etal., 2021; Tonazzini et al., 2007, reviewed by Agostinho et al., 2020).
Besides, other factors such as the topographical arrangement of ecto-
enzymes, transporters and other presynaptic Rs may also influence
the effects mediated by A}, A;, or A, \Rs.

In conclusion, when motor nerve terminals are depolarized by
electrical stimulation of the phrenic nerve, there is a sequence of
activation of purinergic receptors by endogenous ATP/ADP and
adenosine that is able to fine-tune neurosecretion, depending
on the frequency and pattern of stimulation. So, at continuous
0.5-Hz stimulation, endogenous ATP/ADP and adenosine are not
enough to activate P2Y,;, and A, A;, and A,,Rs, respectively
(Figure 6a). At moderate stimulation frequency (5Hz), it is likely
that the effect of endogenous purines begins to be evident just
at the end of the train for the P2Y,;, A,, and A;Rs, being more
relevant for the former (Figure 6b). At high stimulation frequency
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(continuous at 50 Hz), the concentration of endogenous purines
is sufficient to activate their inhibitory Rs, immediately after
of the initial phase, provoking their typical inhibitory action on
the evoked ACh release (Figure 6c). It is necessary more ade-
nosine in the synaptic cleft (continuous at 100Hz) to activate
the excitatory A,,Rs (Figure 6c). At high stimulation frequency
(intermittent at 50Hz), the putative effect of endogenous pu-
rines is similar to what happens at continuous 5-Hz stimulation
(Figure 6b). These findings contribute to understand in more
detail the role of the purines as neuromodulators of the cho-
linergic transmission at mammalian NMJs, in this case, during
different stimulation frequencies. It is probable that the synthe-
sis of potent and selective ligands for each of the purinergic Rs
allows a better characterization of the physiological functions,
in addition of representing a potential therapeutic tool for the
diseases that affect such synapses. Through this investigation,
we can hypothesize that, at least up to 50-Hz nerve stimulation,
the activation of A, ,Rs by exogenous agonists could improve the
neuromuscular transmission failure observed in neuromuscular
diseases such as Myasthenia Gravis, Lambert-Eaton syndrome,
or some congenical myasthenic syndromes, as it was suggested
by Oliveira et al. (2015).

DECLARATION OF TRANSPARENCY

The authors, reviewers and editors affirm that in accordance to the
policies set by the Journal of Neuroscience Research, this manuscript
presents an accurate and transparent account of the study being re-
ported and that all critical details describing the methods and results
are present.

AUTHOR CONTRIBUTIONS

All authors had full access to all the data in the study and are respon-
sible for the integrity of the data and the accuracy of the data analy-
sis. Conceptualization, J.G.S., M.H.P., T.F.,, and A.L.; Methodology,
J.G.S. and A.L.; Investigation, J.G.S., M.H.P.,, T.F.,, and A.L.; Formal
Analysis, J.G.S., M.H.P., T.F,, and A.L.; Writing - Review & Editing:
J.G.S. and A.L.; Supervision, A.L.; Funding Acquisition: A.L.

ACKNOWLEDGMENTS
We thank Maria Fernanda Rodriguez for technical assistance. The
research was supported by CONICET (PIP# 11220120100589).

CONFLICT OF INTEREST

The authors have no conflicts of interest to declare.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1002/jnr.25107.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author upon reasonable request (idimneurofi-
sio@gmail.com).

ORCID

Adriana Losavio "= https://orcid.org/0000-0001-6731-9460

REFERENCES

Agostinho, P., Madeira, D., Dias, L., Simdes, A. P.,, Cunha, R. A, & Canas,
P. M. (2020). Purinergic signaling orchestrating neuron-glia com-
munication. Pharmacological Research, 162, 105253. https://doi.
org/10.1016/j.phrs.2020.105253

Barroso, A., Oliveira, L., Campesatto-Mella, E., Silva, C., Timéteo, M. A,
Magalhaes-Cardoso, M. T., Alves-do-Prado, W., & Correia-de-Sa,
P. (2007). L-Citrulline inhibits [3H]-acetylcholine release from rat
motor nerve terminals by increasing adenosine outflow and activa-
tion of Al receptors. British Journal of Pharmacology, 151, 541-550.

Bazzy, A. R. (1994). Developmental changes in rat diaphragm end-
plate response to repetitive stimulation. Developmental Brain
Research, 81, 314-317.

Bennett, M. R., Karunanithi, S., & Lavidis, N. A. (1991). Probabilistic se-
cretion of quanta from nerve terminals in toad (Bufomarinus) mus-
cle modulated byadenosine. Journal of Physiology, 433, 421-434.

Bowersox, S. S., Miljanich, G. P, Sugiura, Y., Li, C., Nadasdi, L., Hoffman,
B. B., Ramachandran, J., & Ko, C. (1995). Differential blockade of
voltage-sensitive calcium channels at the mouse neuromuscular
junction by novel omega-conopeptides and omega-Agatoxin-IVA.
Journal of Pharmacology and Experimental Therapeutics, 273, 248-256.

Chavez-Noriega, L. E., Crona, J. H., Washbum, M. S., Urrutia, A., Elliott, K. J.,
& Johnson, E. C. (1997). Pharmacological characterization of recombi-
nant human neuronal nicotinic acetylcholine receptors h alpha 2 beta
2, h alpha 2 beta 4, h alpha 3 beta 2, h alpha 3 beta 4, h alpha 4 beta 2,
h alpha 4 beta 4 and h alpha 7 expressed in Xenopus oocytes. Journal
of Pharmacology and Experimental Therapeutics, 280, 346-356.

Choi, R. C.,Man, M. L,, Ling, K. K., Ip, N. Y., Simon, J., Barnard, E. A., & Tsim,
K. W. (2001). Expression of the P2Y1 nucleotide receptor in chick
muscle: its functional role in the regulation of acetylcholinesterase
and acetylcholine receptor. Journal of Neuroscience, 2, 9224-9234.

Cinalli, A. R., Guarracino, J. R., Fernandez, V., Roquel, L. I., & Losavio,
A.S.(2013). Inosine induces presynaptic inhibition of acetylcholine
release by activation of Ajadenosine receptors at the mouse neuro-
muscular junction. British Journal of Pharmacology, 169, 1810-1823.

Ciruela, F., Casado, V., Rodrigues, R. J., Lujan, R., Burguefio, J., Canals, M.,
Borycz, J., Rebola, N., Goldberg, S. R., Mallol, J., Cortés, A., Canela,
E. |, Lopez-Giménez, J. F., Milligan, G, Lluis, C., Cunha, R. A, Ferré,
S., & Franco, R. (2006). Presynaptic control of striatal glutamater-
gic neurotransmission by adenosine A -A,, receptor heteromers.
Journal of Neuroscience, 26, 2080-2087.

Communi, D., Gonzalez, N. S., Detheux, M., Brezillion, S., Lannoy, V.,
Parmenthier, M., & Boeynaems, J. M. (2001). Identification of a
novel human ADP receptor coupled to G(i). Journal of Biological
Chemistry, 2276, 41479-41485.

Correia-de-S4, P., & Ribeiro, J. A. (1996). Adenosine uptake and deamina-
tion regulate tonic A2a receptor facilitation of evoked [3H]acetyl-
choline release from the rat motor nerve terminals. Neuroscience,
73,85-92.

Correia-de-S4, P., Sebastido, A. M., & Ribeiro, J. A. (1991). Inhibitory and
excitatory effects of adenosine receptor agonists on evoked trans-
mitter release from phrenic nerve endings of the rat. British Journal
of Pharmacology, 103, 1614-1620.

Correia-de-S3, P, Timéteo, M. A., & Ribeiro, J. A. (1996). Presynaptic A,
inhibitory/A,, facilitatory adenosine receptor activation balance
depends on motor nerve stimulation paradigm at the rat hemidia-
phragm. Journal of Neurophysiology, 76, 3910-3919.

Correia-de-S4, P., Timéteo, M. A., & Ribeiro, J. A. (2000). Influence of
stimulation on Ca?" recruitment triggering [°Hlacetylcholine
release from the rat motor-nerve endings. European Journal of
Pharmacology, 406, 355-363.


https://publons.com/publon/10.1002/jnr.25107
https://publons.com/publon/10.1002/jnr.25107
mailto:idimneurofisio@gmail.com
mailto:idimneurofisio@gmail.com
https://orcid.org/0000-0001-6731-9460
https://orcid.org/0000-0001-6731-9460
https://doi.org/10.1016/j.phrs.2020.105253
https://doi.org/10.1016/j.phrs.2020.105253

GONZALEZ SANABRIA ET AL.

JOURNALOF ,

Cunha, R. A., & Sebastido, A. M. (1993). Adenosine and adenine nucle-
otides are independently released from both the nerve terminals
and the muscle fibres upon electrical stimulation of the innervated
skeletal muscle of the frog. Pfliigers Archiv, 424, 503-510.

Cunha, R. A., & Sebastido, A. M. (1991). Extracellular metabolism of ade-
nine nucleotides and adenosine in the innervated skeletal muscle of
the frog. European Journal of Pharmacology, 197, 83-92.

Daly, J. W. (1982). Adenosine receptor targets for future drugs. Journal of
Medicinal Chemistry, 25, 197-207.

de Freitas Lima, R., Prado, V. F., Prado, M. A., & Kushmerick, C. (2010). Quantal
release of acetylcholine in mice with reduced levels of the vesicular ace-
tylcholine transporter. Journal of Neurochemistry, 113, 943-951.

De Lorenzo, S., Veggeti, M., Muchnik, S., & Losavio, A. (2004). Presynaptic
inhibition of spontaneous acetylcholine release induced by ad-
enosine at the mouse neuromuscular junction. British Journal of
Pharmacology, 142, 113-124.

De Lorenzo, S., Veggetti, M., Muchnik, S., & Losavio, A. (2006). Presynaptic
inhibition of spontaneous acetylcholine release mediated by P2Y recep-
tors at the mouse neuromuscular junction. Neuroscience, 142, 71-85.

Deuchars, S. A., Atkinson, L., Brooke, R. E., Musa, H., Milligan, C. J., Batten,
T.F., Buckley, N. J., Parson, S. H., & Deuchars, J. (2001). Neuronal P2X7
receptors are targeted to presynaptic terminals in the central and pe-
ripheral nervous systems. Journal of Neuroscience, 21, 7143-7152.

Dias, L., Lopes, C. R., Gongalves, F. Q., Nunes, A., Pochmann, D., Machado, N.
J., Tomé, A. R., Agostinho, P., & Cunha, R. A. (2021). Crosstalk between
ATP-P2X, and adenosine A,, receptors controlling neuroinflamma-
tion in rats subject to repeated restraint stress. Frontiers in Cellular
Neuroscience, 15,639322. https://doi.org/10.3389/fncel.2021.639322

Dunwiddie, T. V., & Masino, S. A. (2001). The role and regulation of ade-
nosine in the central nervous system. Annual Review of Neuroscience,
24,31-55.

El-Tayeb, A., & Gollos, S. (2013). Synthesis and structure-activity rela-
tionships of 2-hydrazinyladenosine derivatives as A(2A) adenosine
receptor ligands. Bioorganic & Medicinal Chemistry, 21, 436-447.

Fournier, M., Alula, M., & Sieck, G. C. (1991). Neuromuscular transmis-
sion failure during postnatal development. Neuroscience Letters,
125, 34-36.

Fredholm, B. B., Abbracchio, M. P,, Burnstock, G., Daly, J. W., Harden, T.
K., Jacobson, K. A,, Leff, P., & Williams, M. (1994). Nomenclature and
classification of purinoceptors. Pharmacological Reviews, 46, 143-156.

Fumagalli, M., Trincavelli, L., Lecca, D., Martini, C., Ciana, P., & Abbracchio,
M. (2004). Cloning, pharmacological characterisation and distri-
bution of the rat G-protein-coupled P2Y,; receptor. Biochemical
Pharmacology, 68, 113-124.

Galkin, A. V., Giniatullin, R. A., Mukhtarov, M. R., Svandov, |., Grishin, S.
N., & Vyskocil, F. (2001). ATP but not adenosine inhibits nonquan-
tal acetylcholine release at the mouse neuromuscular junction.
European Journal of Neuroscience, 13, 2047-2053.

Garcia, K. D., & Beam, K. G. (1996). Reduction of calcium currents by Lambert-
Eaton syndrome sera: motoneurons are preferentially affected, and L-
type currents are spared. Journal of Neuroscience, 16, 4903-4913.

Giniatullin, R. A., & Sokolova, E. M. (1998). ATP and adenosine inhibit
transmitter release at the frog neuromuscular junction through
distinct presynaptic receptors. British Journal of Pharmacology, 124,
839-844.

Ginsborg, B. L., & Hirst, G. D. (1972). The effect of adenosine on the
release of the transmitter from the phrenic nerve of the rat. Journal
of Physiology, 224, 629-645.

Guarracino, J. F,, Cinalli, A. R., Fernandez, V., Roquel, L. I., & Losavio,
A.S. (2016). P2Y,, receptors mediate the presynaptic inhibition of
acetylcholine release induced by adenine nucleotides at the mouse
neuromuscular junction. Neuroscience, 326, 31-44.

Guarracino, J. F, Cinalli, A. R, Veggetti, M. I., & Losavio, A. S. (2018).
Endogenous purines modulate K™-evoked ACh secretion at the
mouse neuromuscular junction. Journal of Neuroscience Research,
96, 1066-1079.

17
Neuroscience ResearchJ—

Hong, S. J., & Chang, C. C. (1995). Inhibition of acetylcholine release
from mouse motor nerves by a P-type calcium channel blocker, o-
agatoxin IVA. Journal of Physiology, 482, 283-290.

Hubbard, J. I., & Wilson, D. F. (1973). Neuromuscular transmission in a
mammalian preparation in the absence of blocking drugs and the
effect of p-tubocurarine. Journal of Physiology, 228, 307-325.

Jacobson, K. A, Park, K.-S., Jiang, J.-L., Kim, Y.-C., Olah, M. E., Stiles, G.
L., & Ji, X.-D. (1997). Pharmacological characterization of novel A3
adenosine receptor-selective antagonists. Neuropharmacology, 36,
1157-1165.

Jacobson, K. A., Ivanov, A. A, de Castro, S., Harden, T. K., & Ko, H. (2009).
Development of selective agonists and antagonists of P2Y recep-
tors. Purinergic Signal, 5, 75-89.

Jiang, J.-L., van Rhee, A. M., Melman, N., Ji, X. D., & Jacobson, K. A.
(1996). 6-Phenyl-1,4-dihydropyridine derivatives as potent and
selective A, adenosine receptor antagonists. Journal of Medicinal
Chemistry, 39, 4667-4675.

Katz, E., Ferro, P. A., Weisz, G., & Uchitel, O. D. (1996). Calcium channels
involved in synaptic transmission at the mature and regenerating
mouse neuromuscular junction. Journal of Physiology, 497, 687-697.

Kong, F. J., & Berge, A. J. (1986). Firing properties and hypercapnic re-
sponses of single phrenic motor axons in the rat. Journal of Applied
Physiology, 61, 1999-2004.

Kong, W., Engel, K., & Wang, J. (2004). Mammalian nucleoside transport-
ers. Current Drug Metabolism, 5, 63-84.

Krnjevic, K., & Miledi, R. (1958). Failure of neuromuscular propagation in
rats. Journal of Physiology, 140, 440-461.

Kubista, H., Lechner, S. G., Wolf, A. M., & Boehm, S. (2003). Attenuation
of the P2Y receptor-mediated control of neuronal Ca®* channels in
PC12 cells by antithrombotic drugs. British Journal of Pharmacology,
138, 343-350.

Liu, G. J., Werry, E. L., & Bennett, M. R. (2005). Secretion of ATP from
Schwann cells in response to uridine triphosphate. European Journal
of Neuroscience, 21, 151-160.

Lliley, A. W. (1956). The effects of presynaptic polarization on the spon-
taneous activity at the mammalian neuromuscular junction. Journal
of Physiology, 134, 427-443.

Lohse, M. J,, Klotz, K. N., Lindenborn-Fotinos, J., Reddington, M.,
Schwabe, U., & Olsson, R. A. (1987). 8-Cyclopentyl-1,3-dipropylxan
thine (DPCPX)—A selective high affinity antagonist radioligand for
al adenosine R. Naunyn-Schmiedeberg's Archives of Pharmacology,
336, 204-210.

Londos, C., Cooper, D. M., & Wolff, J. (1980). Subclasses of external ade-
nosine receptors. Proceedings of the National Academy of Sciences of
the United States of America, 77, 2551-2554.

Losavio, A., & Muchnik, S. (1997). Spontaneous acetylcholine release in
mammalian neuromuscular junction. American Journal of Physiology,
273,C1835-C1841.

Magalhades-Cardoso, M. T., Pereira, M. F., Oliveira, L., Ribeira, J. A., Cunha,
R. A., & Correia-de-S4, P. (2003). Ecto-AMP deaminase blunts the
ATP-derived adenosine A, , receptor facilitation of acetylcholine re-
lease at rat motor nerve endings. Journal of Physiology, 549, 399-408.

Magleby, K. L., & Stevens, C. F. (1972). A quantitative description of end-
plate currents. Journal of Physiology, 223, 173-197.

Marteau, F., Le Poul, E., Communi, D., Communi, D., Labouret, C., Savi, P,
Boeynaems, J. M., & Gonzalez, N. S. (2003). Pharmacological characteriza-
tion of the human P2Y13 receptor. Molecular Pharmacology, 64, 104-112.

Masino, S. A., Latini, S., Bordoni, F., Pedata, F., & Dunwiddie, T. V. (2001).
Changes in hippocampal adenosine efflux, ATP levels, and synaptic
transmission induced by increased temperature. Synapse, 41, 58-64.

Moores, T. S., Hasdemir, B., Vega-Riveroll, L., Deuchars, J., & Parson,
S. H. (2005). Properties of presynaptic P2X7-like receptors at the
neuromuscular junction. Brain Research, 1034, 40-50.

Moyer, M., & Van Lunteren, E. (1999). Effect of phasic activation on
endplate potential in rat diaphragm. Journal of Neurophysiology, 82,
3030-3040.


https://doi.org/10.3389/fncel.2021.639322

18

JOURNAL OF

GONZALEZ SANABRIA ET AL.

Neuroscience Research

Noronha-Matos, J. B., Morais, T., Trigo, D., Timéteo, M. A., Magalhaes-
Cardoso, M. T., Oliveira, L., & Correia-de-Sa, P. (2011). Tetanic
failure due to decreased endogenous adenosine A,, tonus oper-
ating neuronal Ca 1 (L-type) influx in Myasthenia gravis. Journal of
Neurochemistry, 117, 797-811.

Noronha-Matos, J. B., Oliveira, L., Peixoto, A. R., Almeida, L.,
Castellao-Santana, L. M., Ambiel, C. R., Alves-do Prado, W., &
Correia-de-S4, P. (2020). Nicotinic a7 receptor-induced adenos-
ine release from perisynaptic Schwann cells controls acetylcho-
line spillover from motor endplates. Journal of Neurochemistry,
154,263-283.

Oliveira, L., Correia, A., Cristina Costa, A., Guerra-Gomes, S., Ferreirinha,
F., Magalhaes-Cardoso, M. T., Vilanova, M., & Correia-de-S4, P.
(2015). Deficits in endogenous adenosine formation by ecto-
5'-nucleotidase/CD73 impair neuromuscular transmission and
immune competence in experimental autoimmune myasthe-
nia gravis. Mediators of Inflammation, 2015, 460610. https://doi.
org/10.1155/2015/460610

Oliveira, L., Timoteo, M. A., & Correia-de-Sa, P. (2004). Tetanic depres-
sion is overcome by tonic adenosine A(2A) receptor facilitation
of L-type Ca(2+) influx into rat motor nerve terminals. Journal of
Physiology, 560, 157-168.

Palma, A. G., Muchnik, S., & Losavio, A. S. (2011). Excitatory effect of
the A,, adenosine receptor agonist CGS-21680 on spontaneous
and K*-evoked ACh release at the mouse neuromuscular junction.
Neuroscience, 172, 164-176.

Perissinotti, P. P., & Uchitel, O. D. (2010). Adenosine drives recycled ves-
icles to a slow-release pool at the mouse neuromuscular junction.
European Journal of Neuroscience, 32, 985-996.

Petrov, K. A., Girard, E., Nikitashina, A. D., Colasante, C., Bernard, V.,
Nurullin, L., Leroy, J., Samigullin, D., Colak, O., Nikolsky, E., Plaud,
B., & Krejci, E. (2014). Schwann cells sense and control acetyl-
choline spillover at the neuromuscular junction by «7 nicotinic
receptors and butyrylcholinesterase. Journal of Neuroscience, 34,
11870-11883.

Protti, D. A., & Uchitel, O. D. (1993). Transmitter release and presyn-
aptic Ca®* currents blocked by the spider toxin omega-Aga-IVA.
Neuroreport, 5, 333-336.

Ravelic, V., & Burnstock, G. (1998). Receptors for purines and pyrimi-
dines. Pharmacological Reviews, 50, 413-492.

Redman, R.S., & Silinsky, E. M. (1994). ATP released together with acetyl-
choline as the mediator of neuromuscular depression at frog motor
nerve endings. Journal of Physiology, 447, 127-177.

Salgado, A. I, Cunha, R. A., & Ribeiro, J. A. (2000). Facilitation by P,
receptor activation of acetylcholine release from rat motor nerve
terminals: interaction with presynaptic nicotinic receptors. Brain
Research, 877, 245-250.

Santafé, M. M., Urbano, F. J., Lanuza, M. A., & Uchitel, O. D. (2000).
Multiple types of calcium channels mediate transmitter release
during functional recovery of botulinum toxin type A-poisoned
mouse motor nerve terminals. Neuroscience, 95, 227-234.

Santos, D. A, Salgado, A. ., & Cunha, R. A. (2003). ATP is released from
nerve terminals and from activated muscle fibres on stimulation of
the rat phrenic nerve. Neuroscience Letters, 338, 225-228.

Sebastido, A. M., & Ribeiro, J. A. (1988). On the adenosine receptor and
adenosine inactivation at the rat diaphragm neuromuscular junc-
tion. British Journal of Pharmacology, 94, 109-120.

Sebastido, A. M., & Ribeiro, J. A. (2000). Fine-tuning neuromodulation
by adenosine. Trends in Pharmacological Sciences, 21, 341-346.

Silinsky, E. M., & Redman, R. S. (1996). Synchronous release of ATP and
neurotransmitter within milliseconds of a motor nerve impulse in
the frog. Journal of Physiology, 492, 815-822.

Smith, D. O. (1991). Sources of adenosine released during neuromuscular
transmission in the rat. Journal of Physiology, 432, 343-354.

Sokolova, E., Grishin, S., Shakirzyanova, A., Talantova, M., & Giniatullin,
R. (2003). Distinct receptors and different transduction mech-
anisms for ATP and adenosine at the frog motor nerve endings.
European Journal of Neuroscience, 18, 1254-1264.

St John, W. M., & Bartlett, D., Jr. (1979). Comparison of phrenic moto-
neuron responses to hypercapnia and isocapnic hypoxia. Journal
of Applied Physiology: Respiratory, Environmental and Exercise
Physiology, 46, 1096-1102.

Stockwell, J., Jakova, E., & Cayabyab, F. S. (2017). Adenosine A1 and A2A
receptors in the brain: Current research and their role in neuro-
degeneration. Molecules, 22, 676. https://doi.org/10.3390/molec
ules22040676

Takasaki, J., Kamohara, M., Saito, T., Matsumoto, M., Matsumoto, S.,
Ohishi, T., Soga, T., Matsushime, H., & Furuichi, K. (2001). Molecular
cloning of the platelet P2T(AC) ADP receptor: pharmacologi-
cal comparison with another ADP receptor, the P2Y1 receptor.
Molecular Pharmacology, 60, 432-439.

Todd, K. J., & Robitaille, R. (2006). Purinergic modulation of synaptic sig-
naling at the neuromuscular junction. Pflligers Archiv, 452, 608-614.

Tonazzini, I., Trincavelli, M. L., Storm-Mathisen, J., Martini, C., &
Bergersen, L. H. (2007). Co-localization and functional cross-
talk between A1 and P2Y1 purine receptors in rat hippocampus.
European Journal of Neuroscience, 26, 890-902.

Veggetti, M., Muchnik, S., & Losavio, A. (2008). Effect of purines on
calcium-independent acetylcholine release at the mouse neuro-
muscular junction. Neuroscience, 154, 1324-1336.

Wirkner, K., Schweigel, J., Gerevich, Z., Franke, H., Allgaier, C.,
Barsoumian, E. L., Draheim, H., & llles, P. (2004). Adenine nucle-
otides inhibit recombinant N-type calcium channels via G protein-
coupled mechanisms in HEK 293 cells; involvement of the P2Y13
receptor-type. British Journal of Pharmacology, 141, 141-151.

Wright, C. E., & Angus, J. A. (1996). Effects of N-, P- and Q-type neuronal
calcium channel antagonists on mammalian peripheral transmis-
sion. British Journal of Pharmacology, 119, 49-56.

Zefirov, A. L., Zakharov, A. V., Mukhametzyanov, R. D., Petrov, A. M., &
Sitdikova, G. F. (2009). The vesicle cycle in motor nerve endings of the
mouse diaphragm. Neuroscience and Behavioral Physiology, 39, 245-252.

Ziganshin, A. U., Khairullin, A. E., Hoyle, C. H. V., & Grishin, S. N. (2020).
Modulatory roles of ATP and adenosine in cholinergic neuromus-
cular transmission. International Journal of Molecular Sciences, 21,
6423. https://doi.org/10.3390/ijms21176423

Zocchi, C., Ongini, E., Conti, A., Monopoli, A., Negretti, A., Baraldi, P. G., &
Dionisotti, S. (1996). The non-xanthine heterocyclic compound, SCH
58261, is a new potent and selective A2A adenosine receptorantagonist.
Journal of Pharmacology and Experimental Therapeutics, 276, 398-404.

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Transparent Science Questionnaire for Authors

How to cite this article: Gonzalez Sanabria, J., Hurtado Paso,
M., Frontera, T., & Losavio, A. (2022). Effect of endogenous
purines on electrically evoked ACh release at the mouse

neuromuscular junction. Journal of Neuroscience Research, 00,

1-18. https://doi.org/10.1002/jnr.25107



https://doi.org/10.1155/2015/460610
https://doi.org/10.1155/2015/460610
https://doi.org/10.3390/molecules22040676
https://doi.org/10.3390/molecules22040676
https://doi.org/10.3390/ijms21176423
https://doi.org/10.1002/jnr.25107

	Effect of endogenous purines on electrically evoked ACh release at the mouse neuromuscular junction
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Preparations and solutions
	2.2|Electrophysiological recordings
	2.3|Data analysis
	2.4|Chemicals

	3|RESULTS
	3.1|Activation of P2Y13Rs by endogenous ATP/ADP when ACh release is evoked by different stimulation patterns
	3.2|Activation of inhibitory A1 and A3Rs, and excitatory A2ARs by endogenous adenosine when ACh release is evoked by different stimulation patterns

	4|DISCUSSION
	DECLARATION OF TRANSPARENCY

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


