British Journal of Pharmacology (2005) 144, 830-839

© 2005 Nature Publishing Group Al rights reserved 0007-1188/05 $30.00 @

www.nature.com/bjp

An electrophysiological study of excitatory purinergic
neuromuscular transmission in longitudinal smooth muscle
of chicken anterior mesenteric artery

"Maisa Khalifa, *AbuBakr El-Mahmoudy, 'Takahiko Shiina, *'Yasutake Shimizu,
’Hideki Nikami, *Mossad El-Sayed, “Haruo Kobayashi & '"Tadashi Takewaki

"Department of Basic Veterinary Science, Laboratory of Physiology, The United Graduate School, Gifu University, 1-1 Yanagido,
Gifu, 501-1193, Japan; *Division of Animal Experiment, Life Science Research Center, Gifu University, 1-1 Yanagido, Gifu,
501-1193, Japan; *Department of Pharmacology, Faculty of Veterinary Medicine, Zagazig University-Benha Branch, 13736
Moshtohor, Egypt and “Department of Veterinary medicine, Faculty of Agriculture, Iwate University, Morioka 020-8550, Japan

Keywords:

Abbreviations:

1 The object of the present study was to clarify the neurotransmitters controlling membrane
responses to electrical field stimulation (EFS) in the longitudinal smooth muscle cells of the chicken
anterior mesenteric artery.

2 EFS (5 pulses at 20 Hz) evoked a depolarization of amplitude 19.7+2.1mV, total duration
29.6+3.1s and latency 413.0 4+ 67.8 ms. This depolarization was tetrodotoxin (TTX)-sensitive and its
amplitude was partially decreased by atropine (0.5 uM); however, its duration was shortened by
further addition of prazosin (10 um).

3 Atropine/prazosin-resistant component was blocked by the nonspecific purinergic antagonist,
suramin, in a dose-dependent manner, indicating that this component is mediated by the
neurotransmitter adenosine 5-triphosphate (ATP).

4 Neither desensitization nor blocking of P2X receptor with its putative receptor agonist o,f-
methylene ATP (o,f-MeATP, 1uM) and its antagonist pyridoxalphosphate-6-azophenyl-2',4’-
disulfonic (PPADS, up to 50 uM), had significant effect on the purinergic depolarization. In contrast,
either desensitization or blocking of P2Y receptor with its putative agonist 2-methylthioATP (2-
MeSATP, 1 uM) and its antagonist Cibacron blue F3GA (CBF3GA, 10 uM) abolished the purinergic
depolarization, indicating that this response is mediated through P2Y but not P2X receptor.

5 The purinergic depolarization was inhibited by pertussis toxin (PTX, 600 ng ml~"). Furthermore, it
was significantly inhibited by a phospholipase C (PLC) inhibitor, U-73122 (10 uM), indicating that the
receptors involved in mediating the purinergic depolarization are linked to a PTX-sensitive G-protein,
which is involved in a PLC-mediated signaling pathway.

6 Data of the present study suggest that the EFS-induced excitatory membrane response occurring
in the longitudinal smooth muscle of the chicken anterior mesenteric artery is mainly purinergic in
nature and is mediated via P2Y purinoceptors.
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2-MeSATP, 2-methylthioATP; o,-MeATP, o,f-methylene ATP; ACh, acetylcholine; ATP, adenosine
5'-triphosphate; CBF3GA, Cibacron blue F3GA; EFS, electrical field stimulation; EJP, excitatory junction
potential; IJP, inhibitory junction potential; NANC, nonadrenergic, noncholinergic; NE, norepinephrine; NPPB,
5-nitro-2(3-phenylpropylamino)benzoic acid; PLC, phospholipase C; PPADS, pyridoxalphosphate-6-azophenyl-
2! 4'-disulfonic; PSS, physiological salt solution; PTX, pertussis toxin; TTX, tetrodotoxin; U-73122, 1-[6-[[(17 f)-
3-methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1 H-pyrrole-2,5-dione

Introduction

Avian vasculature is of less interest than those of other species.
Since about 4 decades, few morphological and functional
studies have been conducted on chicken anterior mesenteric
artery. Ball ez al. (1963) found that the pattern of the anterior
mesenteric artery of chicken differs structurally from the basic
pattern observed in mammalian arteries, in which arterial
smooth muscle is oriented circularly and helically (Furchgott,
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1955). The difference in structure lies in the fact that the
chicken anterior mesenteric artery contains two well-developed
muscular components: an inner circular and an outer long-
itudinal layer (Ball er al., 1963; Bell, 1969a; Bolton, 1969;
Bennett & Malfmors, 1970), analogous to the arrangement of
the muscularis externa of the intestinal wall and venous wall
(Yamamoto et al., 1984; Kennedy & Burnstock, 1985; Orre
et al., 1996).

The anterior mesenteric artery of chicken has not only a
specialized wall structure but also unusual innervation
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patterns, possibly reflecting enhanced capability for regional
control of blood flow. Most mammalian arterial muscle is
innervated by excitatory adrenergic nerves (Keatinge, 1966). In
the anterior mesenteric artery of chicken, adrenergic fibers and
varicose terminals are found at the adventitial-medial border
in this as in other arteries, but these elements also extend into
the longitudinal muscle itself. Longitudinal muscle of this
vessel also receives cholinergic innervation (Bolton, 1967; Bell,
1969a; Bennett & Malfmors, 1970). Adrenergic nerve stimula-
tion produces contraction of the circular muscle, which is
mimicked and blocked by a-adrenergic agonists and antago-
nists, respectively (Bell, 1969a; Bolton, 1969; Gooden, 1980).
In contrast, the longitudinal muscle is relaxed by adrenergic
nerve stimulation, acting through pf-adrenergic receptors;
however, stimulation of cholinergic nerve fibers caused the
longitudinal muscle to contract (Bolton, 1969; Bell, 1969a).
Since then, there have been no further studies into the
innervation of the chicken anterior mesenteric artery.

There is now a substantial body of evidence to show that
norepinephrine (NE) and adenosine 5-triphosphate (ATP) act
as cotransmitters, being released from sympathetic nerves in
variable proportions depending on the tissue and the species
(Burnstock, 1986). In addition, it has been reported that ATP
is colocalized with CGRP in capsaicin-sensitive sensory
C-fibers innervating the mesenteric small artery of rabbit
producing nonadrenergic, noncholinergic (NANC) relaxation
(Kakuyama et al., 1998). It is also reported that in the
longitudinal muscle of the rabbit portal vein (Kennedy &
Burnstock, 1985) and in the longitudinal muscle of the portal
vein of the guinea pig (Orre et al., 1996), ATP is mediating
relaxation and contraction, respectively. The receptors mediat-
ing responses to ATP have been characterized as P2
purinoceptors (Burnstock, 1987). P2 purinoceptors have been
subdivided into two major classes: P2X and P2Y purinocep-
tors (Abbracchio & Burnstock, 1994). P2X and P2Y receptors
are ligand-gated ion channels (Brake et al., 1994; Valera et al.,
1994) and G-protein-coupled receptors (Boarder et al., 1995),
respectively. P2X purinoceptors were proposed to mediate
contractile effects of ATP on smooth muscle. P2Y purinocep-
tors were proposed to mediate the relaxant effects of ATP on
smooth muscle and/or endothelium (Ralevic et al., 1988).

In the present study, we investigate: (1) the possible
contribution of NANC transmitters, like ATP, to the
functional activity of the longitudinal muscle layer of the
chicken mesenteric artery using microelectrode technique, (2)
the subtype of P2 purinoceptors and the signal transduction
mechanism involved in the membrane responses to electrical
field stimulation (EFS).

Methods
Tissue preparation

Male white leghorn chickens aged 10-14 weeks were killed
by dislocation of the neck. The anterior mesenteric artery
was severed at its origin from the aorta and at the region of
the sub-branches supplying the intestine, and placed in a
physiological salt solution (PSS; see below), at room tempera-
ture. The distal portions of the anterior mesenteric artery were
cleaned from connective tissue and the vessels were cannulated
at the proximal end with a glass micropipette (200 um tip

diameter) attached to the gravity-driven perfusion apparatus
to perfuse the vessels with warmed (29°C) PSS to remove
blood from the vessels. Ethics and experimental procedures
were approved by the Gifu University Animal Care and Use
Committee and were in accordance with the Japanese
Department of Agriculture guidelines, and all efforts were
made to minimize animal suffering and to reduce the number
of animals used.

Electrophysiological recordings

Arteries were placed in the partition chamber in which large
extracellular silver—silver chloride plates were used to elicit
nerve stimulation, as described previously (Bolton et al., 1984).
The preparation was perfused at constant flow rate
(3mlmin~") with pre-warmed (29°C) PSS. This temperature
was adopted in this experiment, since spontaneous activity,
which makes recording from the cells difficult, was frequently
produced at 35°C (see Results). Tissue preparations were
allowed to equilibrate for approximately 1h before experi-
ments were undertaken. Membrane potentials were recorded
with a conventional microelectrode technique, using glass
capillary microelectrodes filled with 3M KCI with tip
resistances ranging from 50 to 80 MQ (Takewaki & Ohashi,
1977). The microelectrode insertions were made into the
longitudinal muscle cells through the adventitial side, within
2mm of the stimulation electrode. Electrical activity was
monitored on an oscilloscope (CS 4026, Kenwood, Tokyo,
Japan) and recorded on a thermal-array recorder (RTA-
1100 M, Nihon Kohden, Tokyo, Japan). EFS was applied by
15V pulses of 1 ms duration using variable pulse numbers.

Focal application system

A pneumatic pump was used for the application of small
quantities of ATP to localized regions and at a particular time,
drugs were pressure-cjected from a micropipette with a
pressure of 10psi and pulse duration of 10ms. Fiber-filled
glass micropipettes (outside diameter =1 mm, inside diame-
ter=0.5mm) were drawn with a microelectrode puller
(Narishige, Japan, type PP- 83), yielding an outside diameter
of the tip of 20-30um. The pipette was then filled with
10-100 uM solution of ATP. To avoid possible desensitization
due to leakage of drugs, the pipette was maintained at a
distance from the preparation and positioned next to the
electrode only after a stable impalement was obtained; drug
application was initiated thereafter. After application of drug,
the pipette was withdrawn.

Physiological solution

The physiological solutions used in this study had the
following composition in mM: NaCl 118, KCl 4.6, CaCl, 2.7,
MgCl, 1.2, KH,PO, 1.2, NaHCO; 25, glucose 11. The solution
in the supply reservoir was gassed continuously with 95%
0,:5% CO, gas mixture creating a pH of 7.2 and was warmed
to 29°C.

Drugs

The following drugs have been used in the present study:
atropine, prazosin, suramin, cibacron blue F3GA (CBF3GA),
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pyridoxalphosphate-6-azophenyl-2',4’-disulfonic ~ (PPADS),
ATP, 2-methylthio ATP (2-MeSATP), o,f-methylene ATP
(e, MeATP), S-nitro-2(3-phenylpropylamino)benzoic acid
(NPPB), PTX, 1-[6-[[(17f)-3-methoxyestra-1,3,5(10)-trien-17-
ylJamino]hexyl]-1 H-pyrrole-2,5-dione  (U73122), 1-[6-[[17f)-
3-methoxyestra-1,3,5(10)-trien-17ylJamino]hexyl]-2,5-pyrollidi-
nedione (U73343), TTX and propranolol. All drugs have been
purchased from Sigma (St Louis, MO, U.S.A.) and were
serially diluted in the PSS solution to the required final
concentration just before the experiments.

Statistics

Data are expressed as a mean +s.e.m.; (n) indicates the number
of separate arteries in which electrical events were recorded.
Statistical analysis was performed with Student’s unpaired
t-test, and P-values<0.05 were considered to be statistically
significant.

Results
General observations

The mean resting membrane potential from longitudinal
smooth muscle cells of chicken mesenteric artery was
—34.6+3.1mV (n=15). At a bath temperature of 35°C, many
cells showed spontaneous activity, which made recording from
the cells difficult. When recordings were successful, single pulse
stimulation evoked slow depolarization (Figure 1a; left panel),
which was graded in amplitude with stimulus strength.
Application of single pulses at intervals of 4s (0.25Hz)
resulted in facilitation and/or summation of depolarization.
Incomplete action potential was usually initiated when 5 pulse
stimulation at 20 Hz was used (Figure la; right panel), and
with this stimulus strength the EFS-evoked depolarization may
reach certain threshold depolarization at which the increased
frequency of opening of voltage-gated calcium channels
becomes so great as to produce a positive feedback and trigger

a 3°cC A
o o o °
o Single pulse
® A train of
5 pulses
b o

29°C
T 10mv k
o 10s ‘_E

Figure 1 Depolarization produced by single and multiple nerve
stimulation at 35 and 29°C bath temperature. (a) Depolarization
produced by a single pulse (1ms) (left panel), repetitive nerve
stimulation by single pulses at 0.25 Hz resulted in facilitation and/or
summation (middle panel) and 5 pulse at 20 Hz evoked depolariza-
tion with an initial spike (left panel) at 35°C bath temperature. (b)
Depolarization produced by a single pulse (1 ms) (left panel) and 5
pulse at 20 Hz evoked depolarization without an initial spike (left
panel) at 29°C bath temperature. Membrane potential values for (a)
and (b) were —38 and —36 mV, respectively.

Table 1 Parameters of depolarization evoked by
single pulse and by 5 pulses at 20 Hz

Amplitude  Latency Time to Total
(mV) (ms) peak (s) duration
(s)
Single pulse (n=11)  8.9+1.7 380.0+53.5 45403 24.0+2.5
5 pulses (20 Hz) 19.7+2.1 413.0+67.8 4.0+04 29.6+3.1

(n=28)

action potentials that were associated with contractions, which
often dislodged the microelectrodes. As the temperature was
reduced to 29°C, EFS evoked slow depolarization; however,
action potentials were often not observed (Figure 1b; right
panel) even with stimulus strength over 5 pulse at 20 Hz;
accordingly, contraction was also not observed and continuous
recording from the cells could be achieved without dislodging
the microelectrodes. Therefore, to establish a continuous
recording from the cells and maintain microelectrode impale-
ments when electrical stimulation was used, the bath tempera-
ture was lowered from 35 to 29°C. In such condition, EFS-
evoked slow depolarization was constantly recorded. Table 1
shows parameters of depolarization evoked by single pulse of
1 ms duration and by 5 pulses at 20 Hz for the same duration
of time. EFS-evoked depolarization elicited by 5 pulses at
20 Hz was selected for all experiments in this piece of research.
The excitatory membrane responses were blocked by TTX,
(0.3 uMm), indicating that they are neuronal in origin.

Effects of atropine and prazosin on EFS-evoked
depolarization

As shown in Figure 2a and b, atropine (0.5 uM), a muscarinic
blocker, had significant (P<0.05) inhibitory effect on the
amplitude of EFS-evoked depolarization, without affecting the
resting membrane potential (—35.1+2.2mV, n=7). Prazosin
(10 uM), an a-adrenergic blocker, when added in the presence
of atropine, significantly (P <0.01) decreased duration of EFS-
evoked depolarization (Figure 2a and c), although it had no
effect on its amplitude (Figure 2a and b), without affecting the
resting membrane potential (—34.9+1.7mV, n=12). The
resistant component to the effects of atropine and prazosin
has been taken as control in the following experiments for
investigation of the contribution of NANC excitatory trans-
mitter ATP.

Effect of purinergic blockers on EFS-evoked
depolarization

In the presence of atropine and prazosin, the nonspecific
purinergic antagonist, suramin, showed dose-dependent in-
hibition of the amplitude of EFS-evoked depolarization
(Figure 3b), with complete and significant (P <0.01) abolition
upon application of 500uM suramin (Figure 3a and b),
without affecting the resting membrane potential
(=36.1+1.4mV, n=56).

It is well established that ATP mediates its action through
two types of purinergic receptors, namely P2X (mainly
excitatory) and P2Y (mainly inhibitory) receptors. Therefore,
the following experiments have been carried out to elucidate
the receptor subtype through which ATP produces its EFS-
evoked depolarization. The specific blocker for P2X receptor,
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Figure 2 Effects of atropine and prazosin on the EFS-evoked depolarization. (a) Typical recordings showing the effects of atropine
(0.5 um) alone; n =7, and in combination with prazosin (10 uM); n =12, on the amplitude and duration of the depolarization evoked
by EFS (1 ms, 5 pulses and 20 Hz). (b, ¢) Summary graphs showing the effects of atropine alone or combined with prazosin on the
amplitude (b) and duration (c) of EFS-evoked depolarization. Membrane potential for (a) was —35mV.

PPADS (50 uM) had no effect on the recorded EFS-evoked
depolarization (n=15). In contrast, P2Y-specific blocker
CBF3GA exhibited dose-dependent inhibition of EFS-evoked
depolarization (Figure 4a) with complete and significant
(P<0.01) abolition at 100 uM (Figure 4a and b), without
affecting the resting membrane potential (—33.7+3.5mV,
n=3,8). Moreover, the EFS-evoked depolarization was con-
verted to a small inhibitory junction potential (IJP;
—0.85+0.3mV, n=2_8) (Figure 4a and b).

Exogenous application of ATP and UTP

For confirmation of the contribution of ATP to the EFS-
evoked depolarization exhibited by chicken mesenteric artery
longitudinal smooth muscle cells upon EFS, ATP was applied
exogenously using the pressure-ejection method. ATP (100 um)

produced slow depolarization (27.8+2.1mV; n=06)
(Figure 5a). This depolarization was not affected by PPADS.
However, it was significantly (P<0.01) abolished by applica-
tion of either suramin (500 uM) (Figure Sa and b) or CBF3GA
(100 uM) (n =3 for each).

UTP (100 uM) also upon its exogenous application produced
slow depolarization (25.8+1.7mV; n=23).

Effects of P2X and P2Y receptor agonists’ desensitization
on NANC EFS-evoked depolarization

To confirm subtype of P2 receptors, which mediated the
inhibitory effects of suramin and CBF3GA on the NANC
EFS-evoked depolarization, the putative P2X and P2Y
receptor agonists, o,f-MeATP (1 uM) and 2-MeSATP (1 um),
respectively, have been used. Application of o,f-MeATP

British Journal of Pharmacology vol 144 (6)
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Figure 3 Effect of suramin on the EFS-evoked depolarization. (a)
Typical recordings showing the effect of suramin (500 uM); n==6. (b)
Summary graph showing concentration-dependent inhibition of
suramin on the amplitude of the EFS-evoked depolarization.
Membrane potential for (a) was —37mV.

resulted in rapidly developing depolarization (37.8+3.1mV;
n=4) after which the membrane potential repolarized back
to the baseline value. Application of P2Y receptor agonist
2-MeSATP resulted also in depolarization (31.2+3.3; n=4),
although it was slow developing and long-lasting (the
membrane potential repolarized back to the baseline value
after 10.4+2.6 min) compared application at to o,-MeATP.

To desensitize P2 receptor subtypes, specimens were
incubated for 30 min with the respective agonist and then the
amplitude of EFS-evoked depolarization was recorded. By
such pretreatment, the putative P2X receptor agonist o,f-
MeATP had no effect on the EFS-evoked depolarization
(Figure 6a right panel and b). In contrast, the putative P2Y
receptor agonist 2-MeSATP significantly (P<0.01) inhibited
the EFS-evoked depolarization and converted it to an
inhibitory junction potential (IJP) (=5.75+1.6mV; n=4)
(Figure 6a left panel and b), which was propranolol-resistant
(data not shown).

Effects of G-protein and PLC inhibitor
on NANC EFS-evoked depolarization

The results shown earlier suggested that the NANC EFS-
evoked depolarization is mediated by P2Y receptors. P2Y
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Figure 4 Effect of CBF3GA on the EFS-evoked depolarization. (a) Typical recordings showing the effect of CBF3GA (100 uM);
n=2,, on the EFS-evoked depolarization. Note that EFS-evoked depolarization was converted to a small IJP. (b) Summary graph
showing concentration-dependent inhibition of CBF3GA on the amplitude of EFS-evoked depolarization. Membrane potential for

(a) was —34mV.
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Figure 5 Effect of ATP on membrane potential. (a) Typical
recordings showing the effect of exogenous ATP (100 uM); n==6,
on the resting membrane potential under control conditions (top)
and after suramin (500 uM); n=3. (b) Summary graph showing the
inhibitory effect of suramin (500 uM) on the depolarizing effect of
ATP. Membrane potential for (a) was —39mV.

receptors are variously coupled via PTX-sensitive
and -insensitive G-proteins to PLC, stimulating inositol
triphosphate formation and intracellular Ca®* release. To
obtain insight into the sensitivity of the G-protein involved to
PTX, artery preparations were preincubated with PTX
(600ngml~") for 2h and then the amplitude of EFS-evoked
depolarization was recorded. By such pretreatment, the EFS-
evoked depolarization was significantly (P<0.01) inhibited
(Figure 7a), without affecting the resting membrane potential
(=35.6+2.4mV, n=5).

The application of the PLC inhibitor, U-73122, at 10 uM for
30 min significantly (P <0.01) inhibited (70%) the EFS-evoked
depolarization (Figure 7b), without affecting the resting
membrane potential (—34.3+2.7mV, n=35). To exclude the
possibility that U-73122 had inhibited the EFS-evoked
depolarization by some nonspecific action, an isomer,
U-73343, which lacks the inhibitory effect on PLC (Jin et al.,
1994), was tested. This agent failed to inhibit the EFS-evoked
depolarization; n=3 (data not shown).

Effect of CI~ channel blocker on NANC EFS-evoked
depolarization

The application of the potent Cl~ channel blocker 5-nitro-2(3-
phenylpropylamino)benzoic acid (NPPB) at 20 uM for 15 min
significantly (P<0.01) inhibited both the EFS-evoked depo-
larization (n=23) and the exogenous application of ATP and
2-MeSATP (n=3 for each) (data not shown).

2-MeSATP (1 pM) o,8-MeATP (1 uM)

Control Control
_l(} |=‘ Qf( After drug
10 mV
L] (]
After drug 10s
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1 2-MeSATP (1 pM)
I of-MeATP (1 pM)

Amplitude (mV)
s

(1 um)

(1 pm)

-104

Figure 6 Effect of desensitization of P2 receptors by their agonists
on the EFS-evoked depolarization. (a) Typical recordings showing
the effect of P2Y receptor agonist; 2-MeSATP (1uM); n=4, note
that EFS-evoked depolarization was converted to a small IJP (left
panel) and P2X receptor agonist; «,f-MeATP (1uM); n=4 (right
panel) desensitization on EFS-evoked depolarization. (b) Summary
graph showing the inhibitory effect of 2-MeSATP; and the noneffect
of o,f-MeATP on the recorded EFS-evoked depolarization.
Membrane potential for (a) was —36 and —34mV for the left and
right panel, respectively.

Discussion

The present study provides evidence that ATP mediates the
NANC EFS-evoked depolarization by acting on P2Y recep-
tors in longitudinal smooth muscle of chicken anterior
mesenteric artery. Supportive lines of evidence for this
conclusion are: (i) sensitivity of the EFS-evoked depolarization
to TTX, (ii) blockade by the nonspecific purinergic antagonist,
suramin, as well as by the specific P2Y purinergic receptor
antagonist, CBF3GA, which inhibited the depolarization
evoked by EFS, (iii) exogenous application of ATP and
2-MeSATP produced slow developing depolarization, mimick-
ing EFS-evoked depolarization, (iv) desensitization of P2Y
purinergic receptor with 2-MeSATP-abolished EFS response
or even exposed an underlying slow IJP, and (v) inhibition of
the EFS-evoked depolarization to the G-protein inhibitor,
PTX, and the PLC inhibitor U-73122.

To our knowledge, this is the first report shedding some
light on the membrane potential properties of the longitudinal
smooth muscle of chicken anterior mesenteric artery. The first
characteristic property was that such smooth muscle cells have
resting membrane potential of —34.6+3.1mV, which is less
negative than that of other circular vascular smooth muscle
cells that always have a resting potential of —60mV or lower
(Levick, 1995). The resting membrane potential of longitudinal
smooth muscle cells is nearer to that of intestinal
smooth muscle. In addition, unlike most circular vascular
smooth muscle cells, which are electrically quiescent when

British Journal of Pharmacology vol 144 (6)
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Figure 7 Effect of pertussis toxin (PTX) and the phospholipase C
inhibitor U-73122 on the EFS-evoked depolarization. (a) Histogram
showing the sensitivity of the EFS-evoked depolarization to PTX
(600 ngml™'); n=35. (b) Histogram showing the inhibitory effect of
U-73122 on the recorded EFS-evoked depolarization; n=>5.

unstimulated, the longitudinal muscle cells of anterior
mesenteric artery of chicken frequently exhibited spontaneous
electrical activity that was inhibited by decreasing the bath
temperature. In spite of lack of previous intracellular record-
ings from arterial longitudinal smooth muscle cells, these data
may be consistent with those reported by Bolton (1968b), who
recorded spontaneous activity of longitudinal muscle using
sucrose-gap method. The activity consisted of large contrac-
tions, which occurred at about 30s intervals, and these large
contractions consisted of several smaller contractions each of
which was accompanied by an action potential. It seems that
the longitudinal smooth muscle activity together with the
circular one would be well adapted to perform a peristaltic-like
action or autonomous pulsation, which would help in
increasing the rate of blood flow in distal branches supplying
all viscera.

Unlike mammalian circular arterial smooth muscle cells in
which EFS evoked fast excitatory junctional potentials (EJPs)
with short latencies, 10-20 ms and total durations of 0.3—1s
(Burnstock & Holman, 1961; Bell, 1969b; Bennett, 1972; Hirst,
1977; Itoh et al., 1983; Hottenstein & Kreulen, 1987), EFS to
mesenteric arterial longitudinal smooth muscle cells did not
produce fast EJPs but depolarizations that were relatively

slowly developing (380 ms latency; 4.5 s time to peak) and long
lasting (24 s total duration), similar to those recorded from the
guinea-pig mesenteric vein (Hirst & Jobling, 1989; Hottenstein
& Kreulen, 1987; Suzuki, 1981). Such long latency of EFS-
evoked depolarization recorded from chicken mesenteric
arterial longitudinal smooth muscle cells might relate to the
EFS-evoked depolarization being mediated via metabotropic
receptor rather than the ionotropic one. This seems more or
less similar to EJPs evoked at muscarinic (G-protein coupled)
junctions, which, unlike ligand-gated junctions, have latencies
ranging from 100 to 500 ms (Furness, 1969; Bauer et al., 1991;
Cousins et al., 1993). In addition, the extraordinary long-
lasting EFS-evoked depolarization suggests that the neuro-
transmitter(s) would stay for a long time at junctional receptor
sites or that the neuromuscular transmission in the chicken
anterior mesenteric artery may involve the activation of
a-adrenoceptors, since the EJPs evoked at «-adrenoceptor
junctions last for several seconds with prolonged rising and
falling phases that reflect the activation of Ca®*-activated Cl~
channels (Suzuki, 1981; 1983; van Helden, 1988a; Hill et al.,
1993). Although further studies are needed to clarify the
underlying mechanism of slowly developing and long-lasting
EFS-evoked depolarization, these properties may be related to
specific neuromuscular transmission in the chicken anterior
mesenteric artery.

Application of atropine at its maximum inhibitory concen-
tration (0.5uM) partially inhibited the amplitude of EFS-
evoked depolarization, indicating the small contribution of
acetylcholine (ACh). This seems apparently different from
what is reported by Bolton (1969) and Bell (1969a) that the
excitatory mechanical response of chicken anterior long-
itudinal smooth muscle is cholinergic in nature. This dis-
crepancy may give an indication that the cholinergic
mechanical response is independent of changes in membrane
potential and is mainly due to pharmacomechanical coupling.
In presence of atropine, prazosin significantly decreased the
total duration of EFS-evoked depolarization. Considering the
substantial separation of the inhibitory effect of these blockers,
it is rational to assume that the EFS-evoked response may
comprise two components, in spite of the fact that there is no
clear distinction between them: first and second slow
depolarization. In support of this, it has been reported that
EFS-evoked excitatory responses recoded from circular
smooth muscle cells of rat tail artery (Sneddon & Burnstock
1984; McLaren et al., 1995) and guinea-pig ear artery (Morris
et al., 1998) exhibit two clear components on their EJP; the
first fast component was mainly purinergic in nature and
mediated via P2X receptor and the second slow one was
mainly adrenergic in nature and mediated via a-adrenoceptor.
Similar to these reports where the contribution of norepine-
phrene (NE) via a-adreoceptor to the second slow component
has been pointed out, the second slow depolarization recorded
from longitudinal muscle cells of the anterior mesenteric artery
of chicken is mediated at least, in part, by NE via
a-adrenoceptor. This may be consistent with what has been
reported by Bolton (1968a; 1969), who suggested a role of NE
via a-adrenoceptor in mediating the excitatory response of the
longitudinal muscle of the chicken mesenteric artery.

Many studies concerning ATP as an NANC neurotrans-
mitter have been carried out on the circular vascular smooth
muscle of different species including rat tail and hamster
mesenteric artery (Sneddon & Burnstock, 1984; Bao et al.,
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1989; Thapaliya et al., 1999). In this study, we determined
whether ATP is the mediator responsible for the first or
atropine/prazosin-resistant component of EFS-evoked depo-
larization in the longitudinal smooth muscle cells of the
anterior mesenteric artery of chicken. Our results showing that
suramin completely abolished the NANC EFS-evoked depo-
larization provide further evidence that longitudinal smooth
muscle, in addition to circular smooth muscle, is controlled by
purinergic neurons. It should be noted, however, that different
types of purinergic receptors are involved in the effects of ATP
on circular and longitudinal smooth muscle. There are two
main families through which ATP produces its action termed
P2X receptor, which is ligand-gated ion channels, and P2Y
receptor, which is G-protein-coupled. In most mammalian
arterial smooth muscle, vasoconstriction or EJP evoked
following ATP release from perivascular nerves is mediated
predominantly by P2X receptors, while vasodilatation is
mediated by smooth muscle P2Y receptors (P2Y,- like)
(Ralevic & Burnstock, 1998). In the present study, the NANC
EFS-evoked depolarization was resistant to either PPADS, the
specific P2X receptor antagonist, or o,f-MeATP desensitiza-
tion, indicating a minor contribution of P2X receptor to the
NANC EFS-evoked depolarization. In contrast, the NANC
EFS-evoked depolarization was completely abolished by both
CBF3GA, a specific P2Y receptor antagonist, and 2-MeSATP
desensitization. It is thus most probable that in the chicken
mesenteric arterial longitudinal smooth muscle, unlike most
mammalian arterial smooth muscle, ATP mediates its ex-
citatory response via P2Y receptor rather than P2X. Interest-
ingly, this is quite consistent with veins in which slow
depolarization induced by nerve stimulation is resistant to
purinoceptor desensitization with o,f-MeATP (Hirst & Jo-
bling, 1989). If it is taken into consideration that analogous
electrophysiological properties (i.e., slow onset and long-
lasting depolarization) are also found in the longitudinal
smooth muscle of the chicken mesenteric artery along with that
of the vein, it can be expected that the arterial longitudinal
smooth muscle plays a similar role to that of venous smooth
muscle; for example, in enhancing blood flow to distal
branches supplying the intestine.

Exogenous application of ATP and 2-MeSATP produced
membrane depolarization. Exogenous application of UTP also
produced membrane depolarization, which was approximately
equal to that of ATP, providing further supportive evidence
for the excitatory role of P2Y receptors upon their stimulation.
P2Y receptors are also present on some vascular smooth
muscle and mediate vasoconstriction to exogenous application
of purines and pyrimidines (Mutafova-Yambolieva et al.,
2000; Malmsjo et al., 2003; Miyagi et al., 2004). On vascular
smooth muscle, all of the so far cloned P2Y receptors where
the second messenger pathway has been determined are
coupled via Gq protein to PLC, stimulating the synthesis of
the diacylglycerol, inositol triphosphate formation and in-
tracellular Ca®* release (Erlinge, 1998). It is apparent that this
pathway is relatively time consuming and thus the response
time of P2Y receptors is longer than that of the rapid responses
mediated by the ligand-gated ion channels P2X receptors. This
may be consistent with our finding of slow development and
slow decay of recorded EFS-evoked depolarization. In case of
desensitization of P2Y receptor using 2-MeSATP, the EFS-
evoked depolarization has been completely abolished and
converted into IJP. This IJP seems to be NANC in nature as it

was resistant to the f-adrenergic receptor blocker, proprano-
lol. It is clearly of further interest to elucidate the mediator(s)
of this 1JP.

Not only the P2Y purinergic agonist 2-MeSATP but also the
P2X purinergic agonist «,f-MeATP produced membrane
depolarization upon its exogenous application, indicating that
both types of P2-purinergic receptors are present in the
longitudinal smooth muscle cells. The discrepancy between
EFS-evoked depolarization and agonist-induced depolariza-
tion would be explained on the basis of purinergic receptors
distribution throughout the cell membrane; P2X receptor may
be distributed only in the extrajunctional space and responsible
for depolarization produced by exogenously applied o,f-
MeATP as well as ATP. On the other hand, P2Y receptor
may be distributed both intra- and extrajunctionally and
responsible for depolarization produced by EFS and exogen-
ously applied 2-MeSATP as well as ATP. This may be parallel
with what has been recorded by Hirst & Jobling (1989), where
their observations indicate that P2 purinoceptors are present
on guinea-pig mesenteric veins; however, they are not involved
in the generation of the venous EJPs.

Currently, eight mammalian P2Y receptor subtypes have
been cloned and functionally characterized, namely, P2Y,,
P2Y,, P2Y,, P2Y¢, P2Y,,, P2Y,,, P2Y,; and P2Y,, (Ralevic &
Burnstock, 1998; von Kugelgen & Wetter, 2000; Communi
et al., 2001; Nicholas, 2001; Sak & Webb, 2002). P2Y receptors
are variously coupled to PTX-sensitive and -insensitive G
proteins, which activate or inhibit various effector enzymes
including PLC-f (Chang et al., 1995; Akbar et al., 1996),
phospholipase D (Irving & Exton, 1987), phospholipase A,
(Lazarowski et al., 1994) and adenylyl cyclase (Dubyak & El-
Motassim, 1993; Harden et al., 1995). The inositol phosphate
response mediated by P2Y, P2Y, and P2Y, receptors was not
inhibited by PTX, whereas the P2Y, and P2Y, receptors
exhibited a partial sensitivity (Communi et al., 2000). Data
presented in this study showed that the EFS-evoked depolar-
ization was sensitive to PTX indicating that it may be mediated
via P2Y,/P2Y, class receptor subtype. The marked inhibition
of EFS-evoked depolarization with the PLC inhibitor U-73122
also provided evidence that the responsible receptor subtype
may be coupled to G ;-protein, like P2Y,/P2Y, class, which
activates PLC. P2Y receptors exhibit variable affinity for
purine and pyrimidine nucleotides. P2Y, are purinoceptors
and adenine nucleotide-specific (Webb et al., 1993; Schachter
et al., 1996), whereas P2Y, receptors have equal affinity for
adenine and uridine nucleotide triphosphate (Lusting et al.,
1993; Nicholas et al., 1996). P2Y,;, P2Y, and P2Y, are
pyrimidinoceptors (Nicholas et al., 1996; Webb et al., 1996).
Data presented in this study showed that ATP (adenine
nucleotide) and UTP (uridine nucleotide) produced approxi-
mately equal membrane depolarization upon their exogenous
application, indicating the expression of P2Y, receptors on the
longitudinal smooth muscle of chicken anterior mesenteric
artery. Secondary to activation of PLC and mobilization of
Ca®", the P2Y,-like receptor mediates the opening of Ca®"-
sensitive CI~ channels in airway epithelia (Clarke & Boucher,
1992; Stutts et al., 1992) and avian exocrine salt gland cells
(Martin & Shuttleworth, 1995). Similarly, our data showed
that the CI~ channel blocker NPPB significantly inhibited
the EFS-evoked depolarization as well as the exogenous
application of ATP and 2-MeSATP. Taking all these concepts
together, the recorded EFS-evoked depolarization in our study
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may be mediated via P2Y,-like receptor and it involves second
messenger system (activation of PLC) and ionic conductance
(opining of CI~ channels) mediated by G-protein (PTX-
sensitive) coupling.

In conclusion, the results of the present study indicate that,
in the longitudinal smooth muscle of chicken anterior
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