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FFECT OF PURINES ON CALCIUM-INDEPENDENT ACETYLCHOLINE

ELEASE AT THE MOUSE NEUROMUSCULAR JUNCTION
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bstract—At the mouse neuromuscular junction, activation of
denosine A1 and P2Y receptors inhibits acetylcholine release
y an effect on voltage dependent calcium channels related to
pontaneous and evoked secretion. However, an effect of pu-
ines upon the neurotransmitter-releasing machinery down-
tream of Ca2� influx cannot be ruled out. An excellent tool to
tudy neurotransmitter exocytosis in a Ca2�-independent step
s the hypertonic response. Intracellular recordings were per-
ormed on diaphragm fibers of CF1 mice to determine the action
f the specific adenosine A1 receptor agonist 2-chloro-N6-cy-
lopentyl-adenosine (CCPA) and the P2Y12-13 agonist 2-methyl-
hio-adenosine 5=-diphosphate (2-MeSADP) on the hypertonic
esponse. Both purines significantly decreased such response
peak and area under the curve), and their effect was prevented
y specific antagonists of A1 and P2Y12-13 receptors, 8-cyclo-
entyl-1,3-dipropylxanthine (DPCPX) and N-[2-(methylthio-
thyl)]-2-[3,3,3-trifluoropropyl]thio-5=-adenylic acid, monoanhy-
ride with dichloromethylenebiphosphonic acid, tetrasodium
alt (AR-C69931MX), respectively. Moreover, incubation of
reparations only with the antagonists induced a higher re-
ponse compared with controls, suggesting that endogenous
TP/ADP and adenosine are able to modulate the hypertonic

esponse by activating their specific receptors. To search for
he intracellular pathways involved in this effect, we studied the
ction of CCPA and 2-MeSADP in hypertonicity in the presence
f inhibitors of several pathways. We found that the effect of
PPA was prevented by the calmodulin antagonist N-(6-
minohexil)-5-chloro-1-naphthalenesulfonamide hydrochloride
W-7) while that of 2-MeSADP was occluded by the protein
inase C antagonist chelerythrine and W-7. On the other hand,
he inhibitors of protein kinase A (N-(2[pbromocinnamylamino]-
thyl)-5-isoquinolinesulfonamide, H-89) and phosphoinosi-
ide-3 kinase (PI3K) (2-(4-morpholinyl)-8-phenyl-4H-1-benzopy-
an-4-one hydrochloride, LY-294002) did not modify the
odulatory action in hypertonicity of both purines. Our results
rovide evidence that activation of A1 and P2Y12-13 receptors by
CPA and 2-MeSADP inhibits ACh release from mammalian

Corresponding author. Tel: �54-11-4514-8701x160; fax: �54-11-4523-
947.
-mail address: idimneurofisio@gmail.com or adrianalosavio@gmail.com

A. Losavio).
bbreviations: AR-C69931MX, N-[2-(methylthioethyl)]-2-[3,3,3-triflu-
ropropyl]thio-5=-adenylic acid, monoanhydride with dichloromethyl-
nebiphosphonic acid, tetrasodium salt; CCPA, 2-chloro-N6-cyclopen-
yl-adenosine; DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; H-89, N-(2[p-
romocinnamylamino]-ethyl)-5-isoquinolinesulfonamide; LY-294002,
-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride;
EPP, miniature end-plate potential; PI3K, phosphoinositide-3

inase; PKA, protein kinase A; PKC, protein kinase C; VDCC,
oltage-dependent calcium channel; W-7, N-(6-aminohexil)-5-
hloro-1-naphthalenesulfonamide hydrochloride; 2-MeSADP,
s
-methylthio-ADP; ��-imido ATP, adenosine 5=-(�,�-imido)triphos-
hate tetralithium salt hydrate.
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otor nerve terminals through an effect on a Ca2�-independent
tep in the cascade of the exocytotic process. Since presynap-
ic calcium channels are intimately associated with compo-
ents of the synaptic vesicle docking and fusion processes,
urther experiments could clarify if the actions of purines on
alcium channels and on secretory machinery are related.
 2008 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: CCPA, 2-MeSADP, Ca2�-independent mechanism,
ypertonic response, mammalian neuromuscular junction.

ynaptic transmission is under the control of extracellular
urines, which through an interplay between their own
eceptors and the steps involved in the process of exocy-
osis modulate the neuronal activity. At mammalian neuro-
uscular junction, ATP is co-released with the neurotrans-
itter ACh, and once in the synaptic space, it is degraded

o adenosine via the ectonucleotidase cascade (Ribeiro
nd Sebastião, 1987; Meriney and Grinnell, 1991; Redman
nd Silinsky, 1994). It was demonstrated that both purines,
TP and adenosine, inhibit transmitter release operating
ia presynaptic P2 and P1 receptors, respectively (Se-
astião and Ribeiro, 2000; Sokolova et al., 2003; De
orenzo et al., 2004, 2006). On the other hand, it is inter-
sting to note that purines could also be released from
ctivated muscle fibers (Santos et al., 2003; Smith, 1991)
nd from peri-synaptic Schwann cells (Liu et al., 2005;
iscussed in Todd and Robitaille, 2006).

The mechanism of the depressant action of the purines
iffers depending on presynaptic terminals and on species.
t frog motor nerve terminals, the inhibitory effect of adeno-
ine upon evoked and spontaneous neurotransmitter release

s not related to a reduction in calcium influx through N-type
oltage-dependent calcium channels (VDCC), suggesting
hat adenosine exerts its action at a site distal to the locus of
alcium entry (Silinsky, 1984; Silinsky and Solsona, 1992;
edman and Silinsky, 1994; Huang et al., 2002). On the other
and, it was demonstrated that in this species, the presyn-
ptic action of ATP is mediated by the inhibition of Ca 2�

hannels and by a mechanism acting downstream of Ca2�

ntry (Grishin et al., 2005). At mammalian neuromuscular
unctions, adenosine was found to decrease the extracellu-
arly recorded Ca2� current in response to nerve stimulation
Hamilton and Smith, 1991; Silinsky, 2004) and we have
emonstrated that the nucleoside and the specific adenosine

1 receptor agonist 2-chloro-N6-cyclopentyl-adenosine (CCPA)
xert their modulatory role by decreasing the nitrendipine-
ensitive component of miniature end-plate potential (MEPP)
requency through a mechanism related to the action of
a2�-calmodulin (De Lorenzo et al., 2004). However, Silin-

ky (2005) found that modulation of calcium currents by

ved.
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denosine cannot occur when the SNARE syntaxin is
leaved. Recently, we have found that ATP and the slowly
ydrolysable ATP analog adenosine 5=-(�,�-imido)triphos-
hate tetralithium salt hydrate(��-imido ATP) decreased
pontaneous secretion by a mechanism that involves the
eduction of Ca2� entry through the calcium channels related
o spontaneous secretion, L-type and N-type VDCC (Losavio
nd Muchnik, 1997) by activating P2Y receptors. Both, Cd2�

nd the combined application of nitrendipine and �-conotoxin
VIA, occluded the effect of the nucleotide (De Lorenzo et
l., 2006).

Independently of the effects induced by adenosine and
denine nucleotides on calcium channels at mammalian
otor nerve terminals, a concomitant action of the purines
n the neurotransmitter-releasing machinery downstream
f Ca2� influx cannot be ruled out. An excellent tool to
tudy neurotransmitter exocytosis in a Ca2�-independent
tep is the hypertonic response. When nerve terminals are
xposed to hypertonic solutions a marked increase in
pontaneous quantal neurotransmitter release occurs (Fatt
nd Katz, 1952; Hubbard et al., 1968; Kita and Van der
loot, 1977; Niles and Smith, 1982; Bourque and Renaud,
984; Doherty et al., 1986; Brosius et al., 1992; Yu and
iller, 1995; Rosenmund and Stevens, 1996; Losavio and
uchnik, 1997; Mochida et al., 1998). This enhancement

s not dependent on Ca2� entry (Furshpan, 1956; Hubbard
t al., 1968; Blioch et al., 1968; Quastel et al., 1971; Kita
nd Van der Kloot, 1977). We have demonstrated that at
at neuromuscular junctions, hypertonic response is not
ffected by nifedipine, �-conotoxin-GVIA or �-agatoxin-
VA, selective antagonists of L type-, N type- and P/Q type
DCC, respectively (Losavio and Muchnik, 1997).

In order to understand the mechanism/s involved in the
epressant action of purines on mouse motor nerve endings,
e have examined the effect of the specific adenosine A1

eceptor agonist CCPA and the P2Y12-13 agonist 2-methyl-
hio-ADP (2-MeSADP) upon hypertonicity-induced transmit-
er release. The results demonstrated that both purinergic
gents decreased the hypertonic response suggesting that a
echanism acting in a Ca2�-independent step in the cas-

ade of the exocytotic process is also involved in their mod-
latory action.

EXPERIMENTAL PROCEDURES

reparations and solutions

F1 mouse diaphragm muscles were used. Mice (30–40 g) were
nesthetized with sodium thiopental (50 mg kg�1) intraperitoneally
nd the left hemidiaphragm was excised and transferred to a 5 ml
hamber superfused (3 ml min�1) with Ringer Krebs solution (mM:
aCl 135, KCl 5, CaCl2 2, MgCl2 1, D-glucose 11, Hepes 5, pH
.3–7.4, bubbled with O2). Hyperosmotic media were freshly pre-
ared by adding 100 mM sucrose to Ringer solutions and their
smolarity was checked with a Fiske osmometer before each exper-

ment.

lectrophysiological recordings

EPPs were recorded at the end-plate region of the muscle fibers
sing borosilicate glass microelectrodes (WP Instruments, Sara-

ota, FL, USA) with a resistance of 5–10 M� filled with 3 M KCl. t
uscle fibers with a resting membrane potential less negative
han �60 mV or MEPPs with a rise time greater than 1 ms were
ejected. In each experimental group, the muscles were allowed to
quilibrate in the respective solution for at least 20 min after
bserving that MEPPs represented a period of stable spontane-
us release.

To study the time course of hyperosmotic response, first 10
unctions were sampled in the isotonic solution and their values
veraged. In each synapse, MEPP frequency was recorded dur-

ng 100 s. Then, immediately after the change to the hyperosmotic
olution, synapses were sampled repeatedly from the same small
rea of diaphragm over brief intervals during 30 min. An effort was
ade to keep the intervals between sampling as short as possible.

n this case, MEPP frequency was recorded during 10 s in each
ynapse. Tetrodotoxin 10�6 M (Sigma, St. Louis, MO, USA) was
dded to hypertonic solutions to prevent the muscle from twitching
iolently, which otherwise occurred upon sudden exposure of
reparations to hypertonic solutions. Data frequencies were mea-
ured by hand from the screen of the oscilloscope or acquired
hrough an A/D converter (Digidata 1322A; Axon Instruments Inc.
unnyvale, CA, USA) controlled by computer and analyzed using
Clamp-8.2 (Axon Instruments). The experiments were carried
ut at room temperature (22–23 °C). At this range of temperature
EPP frequency does not show important changes, while above
0 °C MEPP frequency rapidly increases with temperature, so that
mall changes in the bath temperature are associated with a big
ump in secretion, making the measurements more variable (Liley,
956; Li, 1958; Hubbard et al., 1971).

ata analysis

n results, figures represent mean�S.E.M. and n expresses number
f animals (only the left hemidiaphragm was used from each mouse
or a given experiment). To overcome the problem of variability
ssociated with spontaneous release of different muscles, in each
xperiment the peak of the hypertonic response and the area under
he curve of the test solution were expressed as percentage of the
ame parameters obtained in control response. Areas under the
urve were calculated using Prism (version 3.02). Statistical signifi-
ance of differences between means was evaluated by one-way
nalysis of variance (ANOVA) followed by Tukey’s test. Differences
ere considered to be significant when P�0.05 (*).

hemicals

CPA (500 nM), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, 0.1
M), 2-MeSADP (150 nM), N-(2[p-bromocinnamylamino]-ethyl)-5-

soquinolinesulfonamide (H-89, 1 �M), chelerythrine (5 �M), N-(6-
minohexil)-5-chloro-1-naphthalenesulfonamide hydrochloride
W-7, 10 �M) and 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-
-one (LY-294002, 100 �M) were purchased from Sigma,
hereas forskolin (20 �M) was acquired from Alomone Laborato-

ies, Jerusalem, Israel. N-[2-(methylthioethyl)]-2-[3,3,3-trifluoro-
ropyl]thio-5=-adenylic acid, monoanhydride with dichloromethyl-
nebiphosphonic acid, tetrasodium salt (AR-C69931MX, 1 �M)
as kindly provided by The Medicines Company, MA, USA.

RESULTS

ctivation of adenosine A1 receptors decreases the
ypertonic response

n a previous paper we have found that adenosine (100 �M)
nd the specific AD A1 receptor agonist CCPA (500 nM)
educe spontaneous secretion and asynchronous acetylcho-
ine release induced by 10 mM K� at mice motor nerve
erminals via a mechanism that involves the L-type and P/Q-

ype VDCC, respectively (De Lorenzo et al., 2004). In order to
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nvestigate whether the depressant action of adenosine oc-
urs concomitantly by inhibition of a step related to the neu-
otransmitter-releasing machinery downstream of Ca2� in-
ux, we studied the effect of CCPA on hypertonicity-induced

ig. 1. (A) Effect of CCPA and DPCPX�CCPA on ACh release when
nd in the next figures circle symbols indicate mean values from 10
quare symbols represent the time course of hypertonic response (ea
rom a single synapse). Hypertonic Ringer solution containing sucros
B, C) Summary histograms showing the depressant effect of CCPA o
heir reversion in the presence of DPCPX. Data are expressed as p

reparation was exposed to isotonic and hypertonic condition. (E, F) Summary h
hen muscles were incubated in DPCPX. * P�0.05.
nhancement of MEPP frequency, a situation that was
robed to be independent of Ca2� (Furshpan, 1956; Hubbard
t al., 1968; Rosenmund and Stevens, 1996; Losavio and
uchnik, 1997; Kashani et al., 2001). When hypertonic so-

agm muscle was exposed to isotonic and hypertonic condition. In this
obtained after exposing the preparations to isotonic conditions and

represents averaged value of MEPP frequency recorded during 10 s
plied during the period indicated by the horizontal bars below x axis.
k frequency and area under the curve of the hypertonic response and

of control response. (D) Effect of DPCPX on ACh release when a
M

a diaphr
synapses
ch point

e was ap
n the pea
ercentage
istograms showing the increase of the peak and area under the curve
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ution was applied to diaphragm muscles, MEPP frequency
ncreased from a frequency of 1.07�0.03/s in isotonic condi-
ion to a peak of 10.3�0.3/s, and declined gradually during
ontinuous application of the hypertonic solution, being the
rea under the curve of 165.6�11.6 (n�4, see Fig. 1A). After
omplete washout of the preparation with isotonic solution
EPP frequency returned to control values. The addition of
CPA to the preparations induced a decrease of MEPP

requency in isotonic as well as in hypertonic condition. In the
rst situation, CCPA reduced spontaneous secretion to
.56�0.03/s (52.6�1.9% of control values, P�0.05), and in
ypertonic condition, CCPA depressed the peak of the re-
ponse to 6.17�0.88/s (59.8�6.8% of the control responses,
�0.05) and the area under the curve to 98.3�10.7

58.9�2.8% of the control responses, P�0.05). To verify that
his effect was due to the activation of adenosine A1 recep-
ors, now the preparations were washed and then incubated
ith CCPA in the presence of the selective A1 receptor an-

agonist DPCPX (0.1 �M). DPCPX prevented the effect of
CPA in isotonicity (96.2�6.9% of the control values) and
ypertonicity, being the peak of the hypertonic response
21.4�8.9% of control response and the area under the
urve 123.4�3.2%, P�0.05 (Fig. 1A, B and C). In order to
ule out that the reduced peak during the second application
f hypertonic solution could simply indicate rundown of re-

easing machinery, two consecutive hypertonic responses in
ontrol solutions were performed. No statistically significant
ifferences were found when analyzing the peak and the
rea under the curve of both responses indicating a genuine
ffect of the nucleoside in hypertonicity. Moreover, a third
ypertonic response in control solution showed similar results
peak of the hypertonic response: 2nd 92.3�4.9% and 3rd
00.2�4.2% of the 1st response; area under the curve: 2nd
03.4�7.8% and 3rd 107.0�3.8% of the 1st response).

It is interesting to note that the hypertonic responses in
CPA�DPCPX seem to be greater than those in control
onditions. Thus, we studied the effect of DPCPX in the
bsence of CCPA upon the hypertonic response. DPCPX

ncreased the peak of the response to 177.3�21.5% (n�4,
�0.05) of control response and the area under the curve to
53.9�17.2% (P�0.05, Fig. 1D, E and F). Taken together,
ur data suggest that CCPA has an effect on a Ca2�-inde-
endent step of transmitter exocytosis by activating A1 recep-

ors and that the endogenous adenosine accumulated in the
ynaptic space during the hypertonic response exert a mod-
latory action on neurotransmitter release.

ctivation of P2Y12/13 receptors decrease the
ypertonic response

ecently, we have demonstrated that, at mouse neuromus-
ular junction, ATP and the slowly hydrolysable ATP analog
�-imido ATP induced presynaptic inhibition of spontaneous
Ch release via a mechanism that involves the calcium chan-
els related to this kind of secretion (De Lorenzo et al., 2006).
ince this effect was abolished by pertussis toxin and N-
thylmaleimide, it was suggested that the P2Y receptors

nvolved are coupled to Gi/o protein. Among the P2Y recep-
ors, P2Y coupled to G proteins (Communi et al.,
12,13,14 i/o

001; Abbracchio et al., 2003), being P2Y12 and P2Y13 ac- p
ivated by adenine nucleotides, while P2Y14 is activated by
DP-glucose. Thus, we studied the effect of 2-MeSADP, the
referential agonist for P2Y12/13 receptors (Communi et al.,
001; Kubista et al., 2003) on the hypertonic response. As
hown in Fig. 2A, B and C, in control solution the increase in
onicity enhanced MEPP frequency from 1.04�0.02/s to a
eak of 11.05�1.2/s (n�4), whereas in the presence of
50 nM 2-MeSADP, MEPP frequency was from 0.57�0.02/s
54.8�1.6% of control values, P�0.05) to a peak of
.1�0.46/s (48.5�7.5% of the control response, P�0.05).
he area under the curve was 143.6�9.3 in control Ringer
nd 88.6�6.4 in 2-MeSADP. This area was 61.8�3.0% of

hat in the absence of 2-MeSADP (P�0.05). The addition of
he specific P2Y12/13 antagonist AR-C69931MX (1 �M,
akasaki et al., 2001; Marteau et al., 2003; Fumagalli et al.,
004) to the solution containing 2-MeSADP prevented the
ction of the nucleotide in isotonic (96.1�2.1% of the control
alues) and in hypertonic condition. In hypertonicity the peak
nd the area of the response were 99.0�2.8% and
07.5�7.7% of the control responses. These results suggest

he inhibition of the transmitter-releasing machinery as a
echanism of adenine nucleotides-induced presynaptic de-
ression when P2Y12/13 receptors are activated.

To evaluate the action of endogenous ATP/ADP on
ypertonicity-induced enhancement of exocytosis, we
tudied the effect of the P2Y12/13 antagonist on hypertonic
esponse (Fig. 2D, E and F). AR-C69931MX (1 �M) pro-
uced an increase of the response (peak 126.8�11.4% of
ontrol response, P�0.05; area under the curve
31.8�3.7%, P�0.05, n�4) indicating that endogenous
denine nucleotides also contribute to the regulation of
a2�-independent exocytosis.

echanism of action of adenosine and adenine
ucleotides acting downstream of Ca2� entry

resynaptic inhibition of ACh release induced by adenosine
nd ATP/ADP is mediated by A1 adenosine receptors and
2Y12/13 receptors which are coupled to pertussis toxin-sen-
itive G proteins (Gi/o class) (Nyce, 1999; Hamilton and
mith, 1991; Sokolova et al., 2003; De Lorenzo et al., 2006).

n an attempt to determine the transduction mechanisms
nvolved in the modulation of hypertonic response, we ana-
yzed their effects in the presence of inhibitors of several
athways.

One possibility is that purines decrease the hypertonic
esponse by inhibiting the protein kinase A (PKA) pathway via

i protein. Thus, we investigated whether a specific PKA
nhibitor such as H-89 (Dezaki et al., 1996) modified (mim-
cked or prevented) the hypertonic response. The concentra-
ion of H-89 used in the experiments (1 �M) was able to
educe significantly the stimulatory effect of 20 �M forskolin
n MEPP frequency via the activation of PKA, suggesting

hat H-89 inhibits PKA in our system (MEPP frequency: for-
kolin 165.6�11.8% of control values, P�0.05, n�4;
-89�forskolin: 85.2�2.0%, forskolin vs. forskolin�H-89:
�0.05, n�4). When evaluating the effect of H-89 on hyper-

onic response, we found that the PKA inhibitor did not sig-
ificantly modify the response (see Table 1) and did not

revent the inhibitory action of CCPA or 2-MeSADP in isoto-
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icity (H-89 102.0�1.4% of control values, H-89�CCPA

ig. 2. (A) Effect of 2-MeSADP and AR-C69931MX�2-MeSADP on A
ondition. (B, C) Summary histograms showing the depressant effect o
esponse and their reversion in the presence of AR-C69931MX. (D)
sotonic and hypertonic condition. (E, F) Summary histograms show
ncubated in AR-C69931MX. * P�0.05.
8.1�2.2%, P�0.05, n�4; H-89 103.4�5.4% of control val- p

es, H-89�2-MeSADP 57.7�10.8%, P�0.05, n�4) and hy-

se when a diaphragm muscle was exposed to isotonic and hypertonic
DP on the peak frequency and area under the curve of the hypertonic
AR-C69931MX on ACh release when a preparation was exposed to
crease of the peak and area under the curve when muscles were
Ch relea
f 2-MeSA
Effect of
ing the in
ertonicity (H-89�CCPA: peak 64.0�1.2% of control re-
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ponse, P�0.05, area under the curve 81.7�3.7% of control
esponses, P�0.05, n�4; H-89�2-MeSADP: peak 59.4�
.2% of control responses, P�0.05, area 68.8�4.2%, P�
.05, n�4, see Fig. 3). We conclude that at mammalian neu-
omuscular junction, the effect of CCPA and 2-MeSADP on
ypertonic response is not dependent on the inhibition of PKA.

We next studied whether the activation of A1 and
2Y12/13 receptors could activate protein kinase C (PKC),

eading to the decrease of the hypertonic response. So, the
ffect of CCPA and 2-MeSADP in hypertonicity was inves-
igated in the presence of 5 �M chelerythrine, a specific
KC blocker. The agent did not alter the hypertonic re-
ponse (Table 1), but as is depicted in Fig. 4, it has a
ifferential effect on the action of the purines. Cheleryth-
ine did not prevent the effect of CCPA on MEPP fre-
uency in isotonic condition (chelerythrine 91.5�6.4% of
ontrol values, chelerythrine�CCPA 60.5�3.1%, P�0.05,
�3) and in hypertonic condition (chelerythrine�CCPA:
eak 63.1�7.3% of control response, P�0.05, area under
he curve 73.5�2.2% of control responses, P�0.05, n�3),
uggesting that this intracellular pathway is not involved in
he effect of CCPA. On the contrary, chelerythrine oc-
luded the effect of 2-MeSADP on MEPP frequency in
sotonicity (chelerythrine 95.3�3.7% of control values,
helerythrine�2-MeSADP 104.5�4.1%, n�5) and in hy-
ertonicity (chelerythrine�2-MeSADP: peak 110.2�6.9%
f control response, area under the curve 113.4�5.0% of
ontrol responses, n�5), indicating that PKC is related to
he Ca2�-independent effect of 2-MeSADP on neurotrans-
itter release.

In our previous studies the inhibition of spontaneous ACh
elease induced by CCPA and ��-imido ATP was prevented
hen preparations were bathed with W-7, an antagonist of
almodulin (De Lorenzo et al., 2004, 2006). In the present
nvestigation, W-7 (25 �M) did not modify the hypertonic
esponse (Table 1), but occluded the inhibition exerted by
oth purines in hypertonicity. In Fig. 5, it is shown that W-7
revented the effect of CCPA (W-7�CCPA, peak
13.6�8.6%, area 117.4�14.2% of control response, n�4)
nd 2-MeSADP (W-7�2-MeSADP, peak 93.3�5.6%, area
11.7�14.0% of control response, n�4), suggesting that
almodulin is also involved in the action of CCPA and 2-Me-

able 1. Effect of inhibitors of second-messenger pathways on hyper-
onic response

rug Peak
(% of control values)

Area under the
curve
(% of control values)

-89 94.4�10.4 102.8�15.8
�3
helerythrine 86.0�7.7 107.0�10.2
�5
-7 115.8�10.8 122.3�10.6

�5
Y-294002 261.8�36.9* 277.8�33.6*
�4

Values are means�S.E.M.
P�0.05.
ADP on the hypertonic response. p
Since in others systems, it was shown that ADP stim-
lates phosphoinositide-3 kinase (PI3K) through P2Y12

eceptors, and this pathways have been implicated in in-
egrin activation (see discussion, Kauffenstein et al., 2001;
orsam and Kunapuli, 2004; Jackson et al., 2004; Sun et
l., 2005), we studied the effect of LY-294002, a reversible

nhibitor of PI3K and casein kinase II, upon the modulation
f the hypertonic response induced by CCPA and 2-Me-
ADP. At frog neuromuscular junctions, it was found that
Y-294002 increases MEPP frequency through a mecha-
ism independent of internal calcium concentration (Riz-
oli and Betz, 2002; Searl and Silinsky, 2005), this action
eing transient at high concentrations of the drug (Rizzoli
nd Betz 2002). Thus, we first tested the time-dependent
ction of LY-294002 on MEPP frequency. We found that

mmediately after the exposure to 100 �M LY-294002 MEPP
requency increased from 1.03�0.01/s to 3.23�0.15/s (n�3,
�0.05), and values obtained every 5 min during 120 min did
ot show statistical differences between them (data not de-
icted). Similar results were found by Hong and Chang
1999) at mice diaphragms for 5 h. Next we tested the effect
f LY-294002 in hypertonicity. We found that LY-294002 also

ncreased the hypertonic response in the magnitude of the
eak as well as in the area under the curve with respect to the
ontrol response (see Table 1 and Fig. 6A, D and E), sug-
esting that the increase of MEPP frequency induced by
Y-294002 is not related to that evoked by the hypertonicity.
e then evaluated the effect of purines in the presence of

Y-294002. As can be seen in Fig. 6B and C, in isotonic
ondition, the addition of CCPA or 2-MeSADP to solutions
ontaining LY-294002 decreased MEPP frequency com-
ared with those recorded in LY-294002 without the purines,
lthough the values were not different from the control ones
MEPP frequency: LY-294002 280.6�20.1% of control val-
es, P�0.05; LY-294002�CCPA 140.5�14.8%, LY-294002
s. LY-294002�CCPA P�0.05, n�4; LY-294002 271.6�
3.2% of control values, P�0.05, LY-294002�2-MeSADP
60.9�9.3%, LY-294002 vs. LY-294002�2-MeSADP P�
.05, n�3). The same behavior was observed in hypertonic
ondition: CCPA or 2-MeSADP decreased significantly the
eak of the response and the area under the curve if we
ompared the results with those observed in LY-294002 with-
ut the purines, while the responses were similar to those

ound in control solutions (LY-294002�CCPA: peak 123.7�
.2% of control response, area under the curve 180.4�
2.7%, n�4; LY-294002�2-MeSADP: peak 147.8�19.5%,
rea under the curve 177.5�13.9%, n�3, Fig. 6B, C, D
nd E). In order to evaluate whether PI3K and casein
inase II are involved in the inhibition of the hypertonic
esponse induced by the purines, we took together data
btained with CCPA and 2-MeSADP in control solution
see Figs. 1 and 2) and in the saline containing LY-294002
n isotonic and hypertonic condition (see Fig. 6). As is
epicted in Fig. 7A and B, the percentage of inhibition

nduced by CCPA and 2-MeSADP in the presence of LY-
94002 is not statistically different from those observed in
ontrol solution, suggesting that the modulatory effect of
CPA and 2-MeSADP on hypertonic response is not de-

endent on these kinases.
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DISCUSSION
he present study provides evidence that at mammalian
otor nerve terminals, adenosine and adenine nucleotides
re able to modulate ACh secretion by acting on a step
ownstream of calcium entry, since CCPA and 2-MeSADP
ecrease the enhancement of transmitter release induced by

ig. 3. PKA-dependent pathway is not involved in the modulation in
howing that the PKA inhibitor H-89 did not prevent the inhibition induc
epict the decrease of the peak and area under the curve when prepar
s percentage of control response. (D) Experiment showing that H-89
ondition. (E, F) Summary histograms display the decrease of the pea
n the presence of H-89. * P�0.05.
ypertonicity, a situation shown to bypass the Ca2�-trigger- 1
ng step in exocytosis (Furshpan, 1956; Hubbard et al., 1968;
osenmund and Stevens, 1996; Losavio and Muchnik, 1997;
ochida et al., 1998; Kashani et al., 2001). The underlying
echanism for hypertonic response is not completely clear. It
as been shown that integrins, which are localized in the
eriactive zone surrounding the release sites (Prokop et al.,

CCPA and 2-MeSADP on the hypertonic response. (A) Experiment
PA in isotonic and hypertonic condition. (B, C) Summary histograms
re incubated with CCPA in the presence of H-89. Data are expressed

revent the inhibition induced by 2-MeSADP in isotonic and hypertonic
a under the curve when preparations were incubated with 2-MeSADP
duced by
ed by CC
ations we
did not p
k and are
998; Beumer et al., 1999; Sone et al., 2000), mediate part of
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his response at the frog neuromuscular synapse (Kashani et
l., 2001) and at the embryonic Drosophila neuromuscular

unction (Suzuki et al., 2002), suggesting that the mechanical

ig. 4. PKC-dependent pathway is involved in the modulation ind
A) Experiment showing that the specific PKC inhibitor chelerythrine
ondition. (B, C) Summary histograms depict the decrease of the peak
resence of chelerythrine. Data are expressed as percentage of contro

nduced by 2-MeSADP in isotonic and hypertonic condition. (E, F) Sum
urve when preparations were incubated with 2-MeSADP in the prese
tress induced by hypertonicity might be transmitted via inte- S
rins and the cytoskeleton directly to the vesicle fusion ma-
hinery. On the other hand, at mammalian neuromuscular

unctions, hypertonicity is no longer effective after cleavage of

2-MeSADP on the hypertonic response but not in that of CCPA.
prevent the inhibition induced by CCPA in isotonic and hypertonic
under the curve when preparations were incubated with CCPA in the
e. (D) Experiment showing that chelerythrine prevented the inhibition

stograms exhibit the lack of decrease of the peak and area under the
helerythrine. * P�0.05.
uced by
did not

and area
l respons
mary hi
NAP-25 or synaptobrevin by clostridial toxins (Dreyer et al.,
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987; Gansel et al., 1987), and at Drosophila neuromuscular
unctions, the hypertonicity effect is eliminated in the absence
f synaptobrevin, syntaxin, or Unc-13 (Aravamudan et al.,
999). Therefore, the hypertonic response, while bypassing

ig. 5. Intracellular pathway related to calmodulin is involved in the
A) Experiment showing that the antagonist of calmodulin W-7 occlud
ummary histograms display that W-7 prevented the decrease of th
ercentage of control response. (D) Experiment showing that W-7 prec
E, F) Summary histograms show the lack of decrease of the peak an
he presence of W-7. * P�0.05.
he Ca2�-sensing mechanism, seems to share the major o
lements of the basic Ca2� triggered vesicle fusion. Our
esults demonstrated that the specific adenosine A1 receptor
gonist CCPA, and the preferential agonist for P2Y12/13,
-MeSADP, decrease the peak and the area under the curve

ion induced by CCPA and 2-MeSADP on the hypertonic response.
hibition induced by CCPA in isotonic and hypertonic condition. (B, C)
nd area under the curve induced by CCPA. Data are expressed as
inhibition induced by 2-MeSADP in isotonic and hypertonic condition.

nder the curve when preparations were incubated with 2-MeSADP in
modulat
ed the in
e peak a
luded the
d area u
f the hypertonic response, suggesting that purines inhibit
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ransmitter release by acting at a Ca2�-independent step of
he exocytotic process. These effects were prevented when
reparations were previously incubated with DPCPX and
R-C69931MX, specific A1 and P2Y12/13 receptor antago-
ists, respectively, implicating that the activation of these
ypes of receptors were the cause of the modulation of the
ypertonic response. Furthermore, application of the
ntagonists in the absence of CCPA or 2-MeSADP re-
ulted in higher responses compared with controls, sug-
esting that the enhancement of endogenous ATP/ADP
nd adenosine induced by hypertonic condition exert a
odulatory effect on neurotransmitter release by acti-

ating their specific receptors.
At the frog neuromuscular junction, it was suggested that

denosine depresses transmitter release acting on a step
hat includes the fusion process of synaptic vesicle to the
lasma membrane (Redman and Silinsky, 1994; Robitaille et
l., 1999; Huang et al., 2002) while the presynaptic action of
TP was found to be mediated by inhibition of Ca2� channels
nd impairment of transmitter-releasing machinery (Grishin
t al., 2005). Our results at mammalian motor nerve endings
uggest that the depressant action of adenosine and adenine

ig. 6. Effect of the inhibitor of PI3K and casein kinase II LY-2940
-MeSADP. (A) Experiment showing that LY-294002 increased ACh
howing that CCPA and 2-MeSADP, respectively, decreased the en
ondition. (D, E) Summary histograms depict the effect of LY-294002
he hypertonic response. Data are expressed as percentage of contro
ucleotides on neurosecretion appears to be multimodal, e
odulating calcium channels related to evoked and sponta-
eous secretion and acting on a Ca2�-independent step in
Ch exocytosis by affecting i.e. the proteins related to the
ynaptic vesicle fusion (synaptobrevin, SNAP-25, syntaxin,
ynaptotagmin or others). We have previously found that
CPA and ��-imido ATP did not exert a further inhibition of
pontaneous ACh release after the blockade of Ca2� chan-
els with Cd2� or the combined application of nitrendipine
nd �-CgTx, (De Lorenzo et al., 2004, 2006). However, a
oncomitant effect of the purines on a component of the
ecretory apparatus cannot be ruled out. It is possible that
pontaneous release might have a separate molecular ma-
hinery from the SNARE complex, related to fast synchro-
ous release and hypertonic response. At Drosophila neuro-
uscular synapse, it was observed that MEPPs persisted in
utant embryos lacking proteins such as synaptobrevin,
NAP-25 and synaptotagmin I, while the SNARE complex,
ynaptotagmin I and Unc-13 are indispensable for the Ca2�-
ndependent hypertonicity response (Deitcher et al., 1998;
ao et al., 2001; Broadie et al., 1994; Hua et al., 1998;
ravamudan et al., 1999, see review Kidokoro, 2003). At
ammalian motor nerve terminals hypertonicity is no longer

the modulation of the hypertonic response induced by CCPA and
in isotonic and hypertonic condition. (B, C) Individual experiments

nt of ACh release induced by LY-294002 in isotonic and hypertonic
CCPA and LY�2-MeSADP on the peak and area under the curve of

se. * P�0.05.
02 upon
release

hanceme
ffective after cleavage of synaptobrevin or SNAP-25 by
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lostridial toxins (Dreyer et al., 1987; Gansel et al., 1987).
hus, one can speculate that at isotonic condition the action
f purines on the release machinery was not detected when
bserving spontaneous release, whereas at hypertonicity this
odulatory effect is evident. On the other hand, we cannot
xclude the possibility that, due to the intimate coupling be-
ween Ca2� channels and the SNARE proteins, the effects of
denosine and ATP/ADP on a component of the release
achinery could decrease the activation of the Ca2� chan-
els. In this regard, Silinsky (2005) found in the mouse, that
he effect of adenosine on Ca2� currents is eliminated when
he presynaptic membrane SNARE syntaxin is cleaved by
otulinum toxin type C.

Since each of the core components of the exocytosis
achinery is individually essential for the hypertonic re-

ponse (see above), we cannot clarify which is/are the tar-
et/s of the action of the purines by cleaving these compo-
ents via clostridial toxins. So, in order to approach to this
uestion, we decided to investigate the transduction mecha-
isms implicated in the modulation of hypertonic response.

1 adenosine receptors and P2Y12/13 receptors are coupled
o pertussis toxin–sensitive G proteins (Gi/o class) (Nyce,
999; Hamilton and Smith, 1991; Sokolova et al., 2003; De
orenzo et al., 2006), thus, activation of these receptors by
CPA and 2-MeSADP respectively, promotes the dissocia-

ion of �i-o-GTP and �� subunits. Both subunits may exert
heir modulatory effect by regulating second messenger en-
ymes, ion channels, or other targets (Hamm, 1998; Black-
er et al., 2001). Our results demonstrated that the cAMP/
KA cascade is not involved in the action of the purines on

he hypertonic response, since the PKA antagonist H-89 did
ot prevent the modulatory effect of CCPA and 2-MeSADP

ig. 7. Percentage of inhibition of ACh release induced by CCPA and
-MeSADP in isotonic (A) and hypertonic condition (B) when prepa-
ations were incubated in control Ringer solutions and in saline con-
aining LY-294002.
n the response. At Drosophila neuromuscular junctions it v
as been suggested that part of the hypertonic response
nvolves the cAMP/PKA cascade (Suzuki et al., 2002). How-
ver, treatment of our preparations with H-89 did not modify
uch response, suggesting that the component of the hyper-
onic response dependent on cAMP/PKA pathway does not
eem to play a relevant role at mammalian neuromuscular
unction. When evaluating the participation of PKC in the
ffect of the purines, we found that the PKC inhibitor chel-
rythrine occluded the inhibitory action of 2-MeSADP but not
he effect of CCPA on the hypertonic response, suggesting
hat PKC is involved in the Ca2�-independent effect of 2-
eSADP. Activation of PKC via P2Y12/13 receptors may lead

o phosphorylation of some of the proteins implicated in exo-
ytosis. Many proteins involved in secretion have been iden-
ified to contain predicted phosphorylation sites for PKC, but
ewer have been shown to be functionally altered by in terms
f their effects on exocytosis in cells (SNAP-25 and Munc 18,
organ et al., 2005). Phosphorylation of SNAP-25 and
unc-18 by PKC has been shown to reduce the affinity of

hese proteins for syntaxin (Shimazaki et al., 1996; Fujita et
l., 1996), thus being able to modify the exocytotic mecha-
ism. On the other hand, the antagonist of calmodulin W-7
recluded the effect of CCPA and 2-MeSADP on hypertonic
esponse, suggesting that calmodulin is involved in the mod-
latory action of purines on Ca2�-independent ACh release.
mong the proteins related to exocytosis that interact with
almodulin, it was shown that the GTP-bound form of Rab3
equires an interaction with Ca2�/calmodulin to inhibit secre-
ion (Coppola et al., 1999).

We then investigated the possibility that LY-294002, a
pecific inhibitor of PI3K and casein kinase II, which also

ncreases MEPP frequency by a mechanism that is indepen-
ent of intraterminal calcium, could be involved in the mod-
lation of hypertonic secretion. LY-294002 induced a poten-

iation of MEPP frequency in isotonicity as well as in hyper-
onicity (Table 1), suggesting that the mechanisms by which
ypertonicity and LY-294002 produce increase of secretion
o not interfere each other. When evaluating the action of
Y-294002 on the modulatory effect of purines on hypertonic
esponse, we found that the percentage of inhibition induced
y CCPA and 2-MeSADP in the presence of LY-294002 was
imilar to that observed in control solution (isotonic and hy-
ertonic condition, see Fig. 7), suggesting that the kinases

nhibited by LY-294002 did not affect the modulation exerted
y adenosine and the adenine nucleotides.

Interestingly, in our previous papers (De Lorenzo et
l., 2004, 2006), we found that the modulatory effect of

he purines upon Ca2� channels depended on the con-
ribution of calmodulin (CCPA and ��-imido ATP) and
KC (��-imido ATP), the same pathways involved in the
ction of CCPA and 2-MeSADP on the hypertonic re-
ponse. Since presynaptic CCVD are intimately associ-
ted with key elements of the synaptic vesicle docking
nd fusion mechanisms (see Khanna et al., 2007), it is
ossible that an action of purines on strategic compo-
ents of the secretory apparatus could modify the acti-

ation of those channels (see above).
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CONCLUSION

n summary, ours results suggest that activation of
denosine A1 and P2Y12-13 receptors by CCPA and
-MeSADP, respectively, inhibits ACh release from mam-
alian motor nerve terminals by an effect on Ca2�-inde-
endent step in the cascade of the exocytotic process,
ince both purines decreased hypertonicity-induced trans-
itter release. Furthermore, endogenous ATP/ADP and
denosine were shown to modulate hypertonic response.
he depressant action of CCPA was prevented by the

nhibitor of calmodulin W-7, whereas the action of 2-
eSADP was occluded by W-7 and the inhibitor of PKC

helerythrine. Further experiments are needed to clarify
hether the action of purines on presynaptic calcium chan-
els and on secretory machinery downstream of Ca2�

nflux is associated or if they are individual targets.
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