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Abstract

The actions of adenosine, adenosingrphosphate (ATP), 2-methylthio adenosine diphosphate ADP (2-MeSADP), 2-methylthio
ATP (2-MeSATP),a,B-methylene ATP ¢,3-meATP) and uridine triphosphate (UTP) on isolated segments of mouse stomach
(fundus), duodenum, ileum and colon were investigated. The localization of, F2Y,, P2Y,, P2X, and P2X% receptors and
neuronal nitric oxide synthase (NOS) were examined immunohistochemically, anch#2YA was examined with in situ hybridiz-
ation. The order of potency farelaxation of longitudinal muscle of all regions was: 2-MeSABP2-MeSATP> a,3-meATP >
ATP = UTP = adenosine. This is suggestive of B2¥iediated relaxation and perhaps a further P2Y receptor subtype sensitive
to a,f-meATP. As ATP and UTP are equipotent, the presence of a P@€ptor is indicated. ATP responses were inhibited by
the P2Y,-selective antagonist MRS 2179, and suramin. P@¢eptors were visualized immunohistochemically in the smooth muscle
of the ileum and in a subpopulation for myenteric neurones, which also stained for NOSnRYA was localized in neurones
in both myenteric and submucosal ganglia in the ileum. Taken together, these results suggest that ATP was acting on non-adrenergic,
non-cholinergic inhibitory neurons, which release both nitric oxide (NO) and ATP. Reduced relaxations to 2-MeSADP by tetrodo-
toxin and N“-nitro-L-arginine methyl ester, are consistent with this possibility. Adenosine acts via P1 receptors to relax smooth
muscle of the mouse gut. Segments of mouse colon (in contrast to the stomach and small intestine)treeted by nucleotides
with the potency order: 2-MeSATP a,3-meATP> ATP; the contractions showed no desensitization and were antagonized by
suramin and PPADS, consistent with responses mediated by fe2&ptors. Immunoreactivity to P2Xeceptors was demonstrated
on both longitudinal and circular muscle of the colon, but not in the other regions of the gut, except for a small subpopulation of
myenteric neurones. In summary, neuronal P2&ceptors appear to mediate relaxation, largely through NO in all regions of the
mouse gut, and to a lesser extent by R2R2Y, and a novel P2Y receptor subtype responsive ,&meATP in smooth muscle,
while P2X, receptors mediate contraction of colonic smooth muscle.
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1. Introduction adrenergic, non-cholinergic (NANC) nerve-mediated
responses of smooth muscle in the gut (Burnstock et al.,
Purine nucleotides and nucleosides have long beenl1970). Since then evidence has accumulated in support
known to have effects on the gastrointestinal (Gl) tract, of the hypothesis that ATP is a NANC transmitter in the
influencing both motor and secretory functions. In 1970, enteric nervous system (Burnstock, 2001). High concen-
Burnstock and colleagues proposed that adenosine 5 trations of ATP in subpopulations of myenteric neurons
triphosphate (ATP) was a transmitter involved in non- in different regions of the gut of the guinea-pig, rabbit
and rat have been reported (Crowe and Burnstock, 1981;
Belai and Burnstock, 1994). In addition, after application
mspondmg author. Tel+44-20-7830-2948: fax:+44-20- of an appropriate stimulus, ATP is released from enteric
7830-2949. nerves (Burnstock et al., 1978; McConalogue et al.,
E-mail address: g.burnstock@ucl.ac.uk (G. Burnstock). 1996) and the subsequent activation of specific receptors
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on enteric neurons and muscle cells may evoke either
excitation or inhibition of smooth muscle function (see
Burnstock, 2001).

Burnstock (1978) proposed a formal classification of
receptors for adenosine and ATP, collectively called pur-
inoceptors. Receptors selective for adenosine and aden-
osine monophosphate were designated as P1-purinocep-
tors and those selective for ATP and adenosine
diphosphate (ADP) called P2-purinoceptors. This classi-
fication set the stage for further subdivisions of P1 recep-
tors, into A4, Asa, Asg and A; and of P2 receptors into
P2X and P2Y families (Burnstock and Kennedy, 1985;
Abbracchio and Burnstock, 1994; Ralevic and
Burnstock, 1998). P2X receptors are ionotropic while
P2Y receptors are G protein-coupled, each with their
own subtypes, P2X,; and P2Y,, P2Y,, P2Y, P2Y,,
P2Y 1, P2Y,, and P2Y 15 (see King et al., 2000; Khakh
et a., 2001; Nicholas, 2001). At present there are few
selective agonists and antagonists that discriminate
clearly between families of P2X and P2Y receptors, or
between subtypes of receptors within each family,
although 2-methylthio ADP (2-MeSADP) and MRS
2179 have been claimed to be selective agonists and
antagonists, respectively, for the P2Y, receptor
(Camaioni et al., 1998). The use of characteristic agonist
potency profiles and effective antagonists, immunostain-
ing and in situ hybridization for receptor subtypes can
be used to help identify specific P2 receptor subtypes.

Both adenosine and ATP receptors have been sug-
gested to play important roles in the modulation of
motility in the Gl tract. Adenosine can directly activate
receptors located on smooth muscle (Nicholls et al.,
1996; Kadowaki et a., 2000) or act prejunctionally, sup-
pressing the release of excitatory neurotransmitters such
as acetylcholine (ACh) and substance P (Moneta et d.,
1997; Kadowaki et al., 2000). In most species, ATP acti-
vates P2 receptors on smooth muscle to produce relax-
ation of smooth muscle in the GI tract, although there
are some examples where ATP also produces contraction
of smooth muscle of some regions of the gut
(Burnstock, 2001).

Although there is good evidence to suggest that
purines can influence motility in the Gl tract, a clear
characterization of the different subtypes of P2 receptors
involved has not yet been established. This is certainly
true of the mouse Gl tract, where there is very little
information concerning the activity of purine compounds
and the receptors they activate. The present investigation
was carried out to characterize P2 receptorsin the mouse
gut, using pharmacological and morphological
approaches. To this end, we studied the effect of purino-
ceptor agonists and antagonists on the longitudinal mus-
cle of the stomach fundus, duodenum, ileum and colon.
Further, the presence of P2Y, receptor mRNA was
investigated in the ileum by in situ hybridization and
P2Y ., P2Y,, P2Y, and P2X, receptors and nitric oxide

synthase (NOS) were studied with immunohistochemical
methods in the ileum, and P2X, and P2X, receptors were
studied in the colon. This study was carried out on the
Gl tract of the mouse, partly because only scarce infor-
mation is available concerning the role of purinergic
transmission in the gut of this species, but also because
the increasing availability of P2 receptor knockout mice
makes such control information desirable.

2. Materials and methods
2.1. Animals

Principles of good laboratory anima care were fol-
lowed and animal experimentation was in compliance
with specific national (UK) laws and regulations. Adult
male mice (strain C57/BL10) weighing 20-28 g, were
killed by exposure to an increasing concentration of car-
bon dioxide and death was ensured by cervical dislo-
cation according to Home Office (UK) regulations
covering Schedule One procedures. After the abdominal
cavity had been opened, the gut was rapidly removed
and placed in a beaker with a physiological saline sol-
ution.

2.2. Pharmacological studies

The stomach was opened along the longitudinal axis
of the greater curvature, pinned flat and longitudinal
smooth muscle strips (1-2 mm in width, 5 mmin length)
were dissected from the anterior fundus wall (upper
part). The duodenum was dissected out at the base of the
pylorus and alength of 1 cm was used; 1 cm segments of
distal ileum, approximately 3 cm ora to the ileo-caecal
junction and distal colon were also removed. Intestina
segments were flushed and cleared of connective tissue.
Silk ligatures were applied to each end of the strip; one
end was attached to a rigid support and the other to a
Grass FTO3C force displacement transducer. Tissues
were mounted in 10-ml organ baths, continually gassed
(95% 0O,/5% CO,) and containing Krebs solution of the
following composition (mM): NaCl, 133; KCl, 4.7,
NaHCO,, 16.4; MgSO,, 0.6; NaH,PO,, 1.4; glucose, 7.7
and CaCl,, 2.5; pH 7.3. Experiments were carried out
a 32+ 1°C, as this temperature reduced spontaneous
activity. Mechanical activity was displayed on a Grass
ink-writing oscillograph. An initial load of 0.5 g was
applied to the stomach fundus and 0.75 g for the other
regions; tissues were allowed to equilibrate for 60 min
prior to the start of experiments.

For each tissue, a concentration—response curve to
carbachol (CCh) was constructed in order to obtain an
ECs, concentration. Mean concentrations were found to
be approximately 2 uM for the stomach fundus and 5
MM for the duodenum, ileum and colon. Concentration—
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response curves for the different purinoceptor agonists
were constructed cumulatively, or when rebound con-
tractions were observed, non-cumulatively, on CCh-pre-
contracted tissue. Curves to ATP were repeated in the
presence of the P1 receptor antagonist 8-p-sul phopheny|-
theophylline (8-pSPT, 30 uM), the non-selective P2
receptor antagonists suramin (100 uM) and pyridoxal-
phosphate-6-azophenyl-2',4’-disulphonic acid (PPADS,
30 pM) and the P2Y ,-selective antagonist MRS 2179 (1
UM). The curves to 2-methylthio ATP (2-MeSATP)
were also repeated in the presence of suramin (100 uM)
and PPADS (30 puM). The effect of MRS 2179 (1 pM)
was also tested against 2-MeSADP and a,[3-methylene
ATP (a,B-meATP). Curvesto 2-MeSADP were repeated
in the presence of the NOS inhibitor N“-nitro-L-arginine
methyl ester (L-NAME, 100 pM), then in the presence
of L-NAME and L-arginine (L-Arg, 5 mM); the effect of
a submaximal dose of ATP (300 uM), 2-MeSADP (3
uM) and a,B-meATP (30 uM) was evaluated in the
absence and presence of the neurotoxin tetrodotoxin
(TTX, 1 uM). The effect of a submaximal dose of ATP
(300 uM) was evaluated in the absence and presence of
either L-NAME (100 uM) or the prostanoid synthesis
inhibitor, indomethacin (10 uM).

In colonic specimens, contraction concentration—
response curves to ATP, 2-MeSATP and a,3-meATP
were constructed in a cumulative fashion on basal tone.
The curves to ATP and 2-MeSATP were repeated in the
presence of suramin (100 puM) and PPADS (30 puM).
The effect of atropine (1 uM) was tested against asingle
concentration of o,3-meATP (30 uM). All antagonists
were equilibrated for 20 min before concentration—
response curves or single doses of agonists were
repeated.

2.3. In situ hybridization

2.3.1. Tissues

Tissues were dissected and immediately put in ice-
cold Hanks' balanced salt solution, pH 7.5 (Gibco BRL,
Scotland). Unfixed tissues were embedded in Tissue-Tek
(Sakura Finetek, Netherlands) and frozen in isopropanol
precooled in liquid N,. Cryostat sections (10 pum) were
placed on poly-L-lysine coated dlides.

2.3.2. Probes

Antisense oligonucleotide probes 45 nucleotides in
length for rat P2Y,, were obtained from either Genosys
(UK) or MWG Biotech (UK). Probes were labelled at
their 3'-end with the digoxigenin (DIG) oligonuclectide
tailing kit (Roche Diagnostics; Palo Alto, CA) according
to the manufacturer’s instructions. The sequence of the
probe was. 5'-AGG TGG CAT AAA CCC TGT CGT
TGA AAT CAC ACA TTT CTG GGG TCT-3'. The
specificity of the probe was confirmed by screening the
Genbank database. The sequence was found to detect
mouse P2Y, receptor mRNA with high specificity.

2.3.3. Hybridization

In situ hybridization was carried out as previously
described (Glass et a., 2000). Briefly, slides were dehy-
drated in ethanol, air-dried and incubated in prehybridiz-
ation buffer (50% formamide; saline sodium citrate
buffer (SSC); Denhardt’s medium; 1 mg/ml denatured,
sheared samon sperm DNA (Sigma Chemica Co.,
Poole, UK) and 1 mg/ml tRNA type X from bakers
yeast (Sigma)) for 1 h at 37 °C in a humidified chamber.
This was followed by incubation in hybridization buffer
(1 ng labelled probe in 1 ul prehybridization buffer) at
37 °C overnight. Washing of unhybridized probe was
performed asfollows: 2 x 5min in SSC at room tempera-
ture, 2 x 15min in SSC at 37 °C, 2 x 15min in SSC at
37 °C, with afinal stringency wash of 2 x 30minin SSC
at 37 °C. DIG-labelled probes were detected by anti-
DIG-akaline phosphatase labelled Fab-fragments
(Boehringer Mannheim). Negative controls included
competing labelled probe with an excess (100x) of unla-
belled praobe.

2.4. |mmunohistochemistry

Sections (12 um) of mouse ileum and colon were cut
using a cryostat (Reichert Jung CM1800) and collected
on gelatine-coated dides and air-dried at room tempera-
ture. The slides were stored at —20 °C.

The avidin-biotin (ABC) technique was employed
according to the protocol described by Llewellyn-Smith
et al. (1993). The sections were left at room temperature
for at least 10 min and then fixed in 4% formaldehyde
(0.1 M phosphate buffer, pH 7.4) containing 0.2% satu-
rated solution of picric acid for 2 min.

Endogenous peroxidase was blocked with 50% meth-
anol containing 0.4% hydrogen peroxide for 10 min.
Non-specific binding sites were blocked by a 20-min
incubation with 10% norma horse serum (NHS) in
phosphate-buffered saline (PBS) containing 0.05% mer-
thiolate.

The P2Y,, P2Y,, P2Y ,, P2X, and P2X., receptor anti-
bodies (rabbit) were diluted to 2.5 pg/ml with 10% NHS.
Primary antibodies were kindly donated by Roche Bios-
cience (Palo Alto, CA; Oglesby et a., 1999). The speci-
mens were then incubated overnight at room temperature
with the primary P2Y,, P2Y,, P2Y, P2X; and P2X,
antibodies. The secondary antibody was biotinylated
donkey anti-rabbit immunoglobulin G (IgG) diluted
1:500 for 30 min, followed by the ExtrAvidin peroxidase
conjugate used at 1:1000 for 30 min. After washing, a
nickel-diaminobenzidine enhancement technique was
used to visualize the reaction product. The specimens
were dehydrated with xylene and mounted in Eukitt
(BDH; Poole, UK).

The following control experiments were performed to
establish a specific immunoreaction: omission of the pri-
mary antibody, replacement of the primary antibodies
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with rabbit preimmune 1gG or absorption of the primary
antibodies with an excess of their homologous peptide
antigen.

Whole mount preparations of the mouse ileum were
prepared following the method of Toole et al. (1998)
and double-stained for P2Y, receptors and NOS. The
secondary antibody for P2Y, receptor staining was
FITC-conjugated goat anti-rabbit and the secondary anti-
body for neuronal NOS was Cy-3-conjugated donkey
anti-rabbit. Whole mount preparations were also stained
for P2X, receptors using the ABC technique,
described above.

Photographs were taken using a Leica DC200 digital
camera attached to a Zeiss Axioplan microscope (Zeiss,
Oberkochen, Germany) and pictures were processed
using Adobe-Photoshop 5.0 software on an Apple
Power-Macintosh G3. Prints were made with an Epson
Stylus Photo 700 printer.

2.5. Drugs

L-Arg, o,B-meATP, ATP, atropine, carbamyl-p3-
methyl choline chloride (carbachol), ExtrAvidin-horser-
adish peroxidase, glucose oxidase, hydrogen peroxide,
indomethacin, 2-MeSADP, 2-MeSATP, L-NAME, NHS,
PPADS, saturated picric acid solution, merthiolate
(thimerosal), 8-pSPT, suramin, TTX and uridine tri-
phosphate (UTP) were purchased from Sigma; MRS
2179 was obtained from Tocris, Bristol, UK. Formal-
dehyde stabilized with 10% methanol was obtained from
Analar, BDH; rabbit anti-NOS, biotinylated donkey anti-
rabbit and goat anti-rabbit |gG were obtained from Jack-
son ImmunoResearch, PA, USA. Stock solutions were
prepared in distilled water; indomethacin in 0.2 M
NaHCO;. The volume added to the organ bath to pro-
duce the final concentration was not in excess of 100 pl.

2.6. Satistical analysis

Relaxant responses were expressed as mean percent-
age reduction of the CCh-induced contraction (at ECs,
concentration) + standard error of the mean (SEM) of
(n) animals and contractile responses were expressed as
mean maximum tension developed in mg + SEM (n).
The potency of the agonistsin causing relaxation or con-
traction was expressed as the negative log, of the molar
concentration of the agonist producing 25% of the
response (p[A].s), calculated by non-linear regression
analysis of the individual log concentration—response
curves, by means of the software Prism 3.0 (GRAPHPAD
Software, Inc., San Diego, CA, USA). Significance was
tested by analysis of variance (ANOVA) followed by
Bonferroni’s test, or paired Student's t-test. A prob-
ability level of P < 0.05 was taken as significant for al
statistical analyses.

3. Resaults
3.1. Relaxation

Adenosine, ATP, 2-MeSATP, 2-MeSADP, a,(3-

meATP and UTP relaxed al regions of the CCh-contrac-
ted mouse Gl tract. The order of potency for the stomach
fundus and colon was. 2-MeSADP = 2-MeSATP >
o,B-meATP > UTP = ATP = adenosine (Figs. 1(a)
and 4(a), respectively). The order of potency for the duo-
denum and ileum was. 2-MeSADP = 2-MeSATP >
o,B-meATP > UTP = ATP = adenosine (Figs. 2(a)
and 3(a), respectively). As none of the concentration—
response curves from any of the regions of the Gl tract
reached a maximum response, pD, values could not be
calculated. As such the concentration of agonist that pro-
duced 25% relaxation was calculated (p[A].s) and data
are shown in Table 1.

Concentration—response curves to ATP were signifi-
cantly (P < 0.001 or P < 0.0001) inhibited by 8-pSPT
(30 uM) in stomach fundus (Fig. 1(b)), duodenum (Fig.
2(b)), ileum (Fig. 3(b)) and colon (Fig. 4(b)). MRS 2179
(1 pM) sgnificantly (P < 0.001 or P < 0.0001)
inhibited responses to ATP in each region of the gut
examined (Figs. 1(c), 2(c), 3(c) and 4(c)). Similarly,
responses to 2-MeSADP in each region of the Gl tract
examined were inhibited by MRS 2179 (1 puM; P <
0.001 or P < 0.0001) (Figs. 1(d), 2(d), 3(d) and 4(d)).
PPADS (30 pM) did not affect ATP responses in any
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Fig. 1. Cumulative concentration—esponse curves on the CCh-pre-
contracted (ECs, concentration) mouse Gl longitudinal muscle of the
gastric fundus. () Concentration—response curves for adenosine, ATP,
2-MeSATP, 2-MeSADP, a,3-meATP and UTP. (b) Concentration—
response curve for ATP in the absence and presence of 8-pSPT (30
pM). (c) Concentration—response curve for ATP in the absence and
presence of MRS 2179 (1 uM). (d) Concentration—response curve for
2-MeSADP in the absence and presence of MRS 2179 (1 uM). All
symbols represent mean % relaxation + SEM (unless masked by sym-
bol; n = 5-10 for each agonist). Significance was tested using a two-
way ANOVA; xxP < 0.01, **xP < 0.001.
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Fig. 2. Cumulative concentration—response curves on the CCh-pre-
contracted (ECs, concentration) mouse Gl longitudinal muscle of the
duodenum. (a) Concentration—response curves for adenosine, ATP, 2-
MeSATP, 2-MeSADP, a,3-meATP and UTP. (b) Concentration—
response curve for ATP in the absence and presence of 8-pSPT (30
pUM). (c) Concentration—response curve for ATP in the absence and
presence of MRS 2179 (1 uM). (d) Concentration—response curve for
2-MeSADP in the absence and presence of MRS 2179 (1 uM). (e)
Concentration—response curve for 2-MeSADP in the absence and pres-
ence of L-NAME (100 pM), and finally in the presence of L-NAME
(100 pM) and r-arginine (5 mM). All symbols represent mean %
relaxation + SEM (unless masked by symbol; n = 4-10 for each
agonist). Significance was tested using a two-way ANOVA; #xP <
0.01, **xP < 0.001.

region of the gut (see Table 2). Responses to a,f3-
meATP were unaffected by MRS 2179 (1 uM) in any
region of the Gl tract tested (see Table 2). Suramin (100
MM) significantly inhibited responses to ATP and 2-
MeSATP in each region of the gut tested (see Table 2).
ATP (100 pM—1 mM) induced relaxations that were fol-
lowed by a rebound contraction in the duodenum, ileum
and colon but not in the stomach fundus. This rebound
response was not influenced by addition of indomethacin
(10 uM).

TTX (1 pM) sdignificantly reduced the relaxation
induced by a submaximal concentration of ATP (300
uM) and 2-MeSADP (3 uM), but had no effect against a
submaximal concentration of a,3-meATP (30 uM) (see
Table 3) in each of the regions of the gut tested. L-

% relaxation
(9]
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i Q/(/O//
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6 55 5 45 4 35 3
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Fig. 3. Cumulative concentration—response curves on the CCh-pre-
contracted (ECs, concentration) mouse Gl longitudinal muscle of the
ileum. (8) Concentration—response curves for adenosine, ATP, 2-MeS-
ATP, 2-MeSADP, a,3-meATP and UTP. (b) Concentration—response
curve for ATP in the absence and presence of 8-pSPT (30 uM). (c)
Concentration—response curve for ATP in the absence and presence of
MRS 2179 (1 pM). (d) Concentration—response curve for 2-MeSADP
in the absence and presence of MRS 2179 (1 pM). All symbols rep-
resent mean % relaxation £ SEM (unless masked by symbol; n = 5-
10 for each agonist). Significance was tested using a two-way
ANOVA; *xxP < 0.001.

Table 1
p[A]s values (concentration that induced 25% relaxation) of different
purinoceptor agonist-induced relaxation in the adult mouse gut

Stomach Duodenum  Ileum Colon
ATP 42+02 52+01 55+02 55+04
Adenosine 43+0.1 58+ 0.2 57+0.2 53+0.3
2-MeSATP 5.6+ 0.6 70+ 0.3 6.5+ 04 6.7+ 0.5
2-MeSADP 54+0.3 72+04 71+01 6.8+ 0.3
ao,f-meATP 45+0.3 7.0+ 05 53+02 6.7+ 0.2
UTP 43+05 55+04 53+04 55+ 06

Values are means + SEM of at least five experiments.

NAME (100 pM) caused a significant (P < 0.0001)
inhibition of the concentration—response curve to 2-
MeSADP in the duodenum; the inhibitory effect of 1-
NAME was reversed by the addition of L-Arg (5 mM)
(Fig. 2(e)). In contrast, L-NAME (100 uM) failed to
affect the relaxant response to ATP (300 uM) either in
the stomach fundus, duodenum, ileum or colon.

3.2. Contraction

In the mouse colon longitudinal muscle only, ATP, 2-
MeSATP and o,3-meATP induced a concentration-
dependent contraction at basal tone (Fig. 4(€)). The order
of potency was. 2-MeSATP > a,p-meATP > ATP. As
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Table 2

Effect of the purinoceptor antagonists PPADS (30 uM), MRS 2179 (1
UM) and suramin (100 pM) on purine agonist p[A]l.s vaues
(concentration that induced 25% relaxation) in the adult mouse gut

Stomach Duodenum  lleum Colon
ATP 36+01 53+04 55+04 46+ 0.6
+ PPADS 05+01 54+03 43+04 45+ 05
o,B-meATP 40+001 54+0.2 45+ 0.2 57+ 0.03
+ MRS 39+001 52+03 44+0.1 52+01
2179 ATP 38+004 5601 54+0.2 6.3+0.1
+ Suramin @ 35+ 0.1%x 52+02%x 45+03%x 4.9+02%
2-MeSATP 6.8+ 0.4 71+03 6.7+04 76+01
+ Suramin @ 58+ 05%« 6.0+04%x% 59+03x 6.1+0.1x

Vaues are means+ SEM of at least five experiments. *P <
0.05, **P < 0.01 vs. agonist in the absence of the antagonist follow-
ing a paired Student’s t-test.

none of the concentration—response curves for the agon-
ists reached a maximum response, pD, values were cal-
culated following linear regression of the curves. These
were calculated to be: ATP, 3.73+0.28 (n = 4); 2-
MeSATP, 540+045 (n=4) and o,;-meATP,
451 + 0.27 (n = 4). PPADS (30 uM; Fig. 4(f)) and sur-
amin (100 puM; Fig. 4(g)) caused a significant inhibition
of the concentration—response curves to ATP (P <
0.001 and P < 0.05, respectively). In the presence of
PPADS (30 uM), the contractile response to the highest
concentrations of ATP (300 uM—1 mM) was completely
abolished and a relaxation response prevailed at basal
tone. Repeated administration of ATP (300 uM; n = 3)
and 2-MeSATP (1 uM; n = 3) at intervals of 8 min,
after which time the tension had returned to baseline,
did not result in a reduction of the response to either
agonist. The contractile response to a single concen-
tration of a,B-meATP (30 uM) was not affected by atro-
pine (1 uM).

Table 3

3.3. In situ hybridization

Staining for P2Y ; receptor mMRNA was detected in the
myenteric and submucosal plexus, in the intestinal
glands (crypts) of the ileum and along the lumen of the
villi (Fig. 5(a); phase contrast shown in Fig. 5(c)). Com-
petition of labelled probe with an excess of unlabelled
probe only resulted in a faint staining along the lumen
of the villi (Fig. 5(b)).

3.4. Immunohistochemistry

P2Y, receptor immunoreactivity was present in the
circular and longitudinal smooth muscle layers of the
ileum and less intensely in a subpopulation of myenteric
neurones (Fig. 5(d)). P2Y, receptor immunoreactivity
was observed in the circular and longitudinal muscle lay-
ers of the ileum and was of a much lower intensity than
that seen for P2Y , receptors (Fig. 5(e)). The staining was
specific for P2Y , and P2Y , receptors since preabsorption
of the primary antibody resulted in no observed immu-
noreactivity. No immunostaining for P2Y, receptors
was observed.

P2X, receptor immunoreactivity was present in the
circular and longitudinal smooth muscle layers of the
colon (Fig. 5(f)). P2X, receptor immunoreactivity was
not found in the smooth muscle of the colon, but was
observed on smooth muscle on blood vessels within the
Gl muscle (Fig. 5(g)). Immunostaining to P2X,, receptors
was observed on a small subpopulation of myenteric
neurones of the ileum from whole mount preparations
(Fig. 5(h)).

Whole mount preparations of ileum were dua stained
for P2Y , receptors and neuronal NOS. Immunoreactivity
to P2Y, receptors was observed in a subpopulation of
myenteric neurones (Fig. 6(a). Immunoreactivity to
NOS was a so observed in a subpopulation of myenteric
neurones (Fig. 6(b)). A number of neurones within the
myenteric plexus were found to be labelled for both

Effect of TTX (1 pM) on % relaxation induced by ATP (300 uM) and 2-MeSADP (3 pM) and a,3-meATP (30 uM) in the adult mouse gut. Note
that TTX inhibits responses to ATP and 2-MeSADP, but not to a,B-meATP

Stomach Duodenum lleum Colon
ATP 338+ 0.6 61.8+ 4.6 457+ 85 56.0 £ 6.0
+ TTX 23.2 + 6.5%* 49.3 £ 5.6% 28.4 £ 5.3x% 36.3 £ 4.2%
2-MeSADP 19.3+34 56.8+7.1 404 £55 553+ 6.4
+ TTX 53+ 1.8% 30.0 £ 3.7% 194 + 2.2xx 25.7 £ 5.3% %
a,B-meATP 141+ 27 260+ 2.6 204+ 4.1 503+ 27
+ TTX 155+ 37 257+ 34 194+18 575142

Values are means + SEM of at least five experiments. xP < 0.05, *xP < 0.001 vs. agonist in the absence of TTX following a paired Student’s

t-test.
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Fig. 4. Cumulative concentration—response curves for adenosine,
ATP, 2-MeSATP, 2-MeSADP, a,3-meATP and UTP on the CCh-pre-
contracted (ECg, concentration) and non-cumulative, concentration—
response curves for ATP, 2-MeSATP and a,3-meATP on basal tone
of the mouse colon longitudinal muscle. (a) Concentration—response
curves for adenosine, ATP, 2-MeSATP, 2-MeSADP, a,3-meATP and
UTP. (b) Concentration—response curve for ATP in the absence and
presence of 8-pSPT (30 uM). (c) Concentration—response curve for
ATP in the absence and presence of MRS 2179 (1 uM). (d) Concen-
tration—response curve for 2-MeSADP in the absence and presence of
MRS 2179 (1 pM). All  symbols represent mean %
relaxation + SEM (unless masked by symbol; n = 4-10 for each
agonist). Significance was tested using a two-way ANOVA,;
**xP < 0.001. (e) Concentration—response curves for ATP, 2-MeS-
ATP and a,3-meATP. (f) Concentration—response curve for ATP in
the absence and presence of PPADS (30 uM). (g) Concentration—
response curve for ATP in the absence and presence of suramin (100
puM). All symbols represent mean contraction in mg £ SEM (unless
masked by symbol; n = 4-6 for each experiment). Significance was
tested using a two-way ANOVA; %P < 0.05, *%*P < 0.001.

P2Y ; receptors and NOS (Fig. 6(c)) although neurones
labelled with P2Y, receptor immunoreactivity alone or
NOS immunoreactivity could also be observed.

ol
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4, Discussion

This study has characterized multiple P2 receptors on
the longitudinal muscle of the mouse Gl tract. The pre-
dominant effect of stimulation of these receptorsis relax-
ation, with the exception of the colon longitudinal mus-
cle, which also possesses a contractile P2 receptor.

In the mouse stomach fundus, duodenum, ileum and
colon, 2-MeSADP, 2-MeSATP, a,-meATP, ATP, UTP
and adenosine al relaxed the longitudina muscle in a
concentration-dependent manner. 2-MeSADP and 2-
MeSATP were equipotent and more potent than a,(3-
meATP, ATP or UTP. The high activity of 2-MeSADP
and 2-MeSATP suggests the involvement of P2Y ; recep-
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Fig. 5. Visualization of P2Y and P2X receptorsin the mouse Gl tract.
(a) Light micrograph of in situ hybridization for P2Y, receptor mRNA
in the mouse ileum, showing staining in the myenteric plexus (single
arrows) and in the submucosal plexus (double arrows); Gl glands
(crypts) are dso labelled. The perinuclear regions of cell bodies of
myenteric and submucosal ganglia were found to express P2Y , recep-
tor mRNA. (b) Competition of labelled probe with an excess of unlab-
elled probe prevents staining of submucosal and myenteric ganglia and
of intestinal glands, leaving only some background staining along the
luminal site of the villi. (c) Phase contrast picture of panel (a), illustrat-
ing the tissue morphology: O, outer muscularis (containing longitudi-
nal muscle); |, inner muscularis (containing circular muscle); S, sub-
mucosal layer; Gl, intestina glands. Scale bars: a and ¢, 50 um; b,
100 pm. (d) Section of mouse ileum showing immunopositive staining
for P2Y , receptors in the longitudinal (LM) and circular (CM) layers
and in a subpopulation of myenteric neurones (arrows). (e) Section of
mouse ileum showing immunopositive staining for P2Y, receptors in
thelongitudinal (LM) and circular (CM) muscle layers of smooth mus-
cle. (f) Section of mouse colon showing immunopositive staining with
P2X, antibodies in the longitudinal (LM) and circular (CM) layers.
(g) Section of mouse colon showing immunopositive staining for P2X;
receptors in the smooth muscle of blood vessels within the Gl wall
only (arrows). Scale bars are equivalent to 50 pM. (h) Whole mount
preparation of ileum showing low intensity staining for P2X, receptors
in a subpopulation of myenteric neurones; Magnification x170.

tors (Harden et a., 1998; King et al., 1998). The P2Y,
receptor, which promotes phospholipase C-catalysed
generation of inositol phosphate and subsequent mobiliz-
ation of intracellular calcium, is a receptor for endogen-
ous ADP and ATP, with ADP being the most potent
natural agonist (Harden et a., 1998; Raevic and
Burnstock, 1998). The presence of a P2Y, receptor is
further supported by the sensitivity of both ATP and 2-
MeSADP to the selective P2Y, antagonist MRS 2179
(Camaioni et al., 1998).

The presence of P2Y , receptorsin the ileum was con-
firmed by the presence of P2Y, mRNA in neurones of
the myenteric and submucosal plexus of the mouse small
intestine. Further, both the longitudinal and circular
smooth muscle coats were found to be intensely stained
using P2Y, antibodies; in addition immunoreactivity to
P2Y , receptors could be seen on a subpopulation of
myenteric neurons in the ileum, colocaized with NOS.
This finding that P2Y, receptors in the mouse small
intestine are dually located on myenteric neurones and
on the smooth muscle is consistent with the partia inhi-
bition of 2-MeSADP- and ATP-induced relaxation by
TTX, in al the regions studied. The high activity of 2-
MeSADP and the dense immunoreactivity to P2Y,
receptors suggest that P2Y,; receptors are the principle
receptor type mediating NANC relaxation in the gut
mediated by NO and ATP. P2Y receptors mediating
hyperpolarization of the mouse colon have been ident-
ified (Koh et a., 1997) and 2-MeSATP was found to
increase an apamin-sensitive K* current in the mouse
ileum (Vogalis and Goyal, 1997).

There is evidence that NO is a major mediator of
NANC inhibitory neurotransmission in the canine gut

a

Fig. 6. Whole mount preparation of mouse ileum stained with both
P2Y ; receptor and neuronal NOS antibodies. (@) Whole mount prep-
aration of ileum showing a subpopulation of myenteric neurones
immunopositive for P2Y, receptors. Thick arrows indicate neurones
stained for P2Y, receptors only. (b) Same whole mount preparation
of ileum showing immunopositive neurones for neuronal NOS in a
subpopulation of myenteric neurones. Thin arrows indicate neurones
stained for NOS only. (c) Fig. 6(a) and (b) superimposed showing
neurones stained for both P2Y, receptors and NOS (open arrows).
Neurones immunopositive for P2Y, receptors only (green) and NOS
only (red) are also visible. Magnification for each plate is x170.
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and that ATP may dstimulate these neurones
(Boeckxstaens et a., 1991). Relaxations to the selective
P2Y, agonist, 2-MeSADP (athough not to ATP), were
reduced by both L-NAME, which inhibits the activity of
NO synthase (Rees et a., 1990) and TTX. The presence
of NOS immunoreactivity in neurones of the mouse
ileum and the colocalization of P2Y ; and NOS immuno-
reactivity support the suggestion that P2Y , receptors are
located on neurons of the myenteric and submucosal
ganglia, stimulating relaxation partly through the release
of NO and also by P2Y; receptors on smooth muscle.

The four regions of the mouse GI tract were also
found to relax to exogenously applied UTP and a,3-
meATP, both of which are inactive at P2Y, receptors
(Ralevic and Burnstock, 1998), indicating that further
P2Y receptor subtypes may be present. The activity of
UTP indicates the presence of P2Y, and/or P2Y , recep-
tors. UTP is equipotent or more potent than ATP at P2Y ,
receptors (King et a., 2000) and in the mouse Gl tract,
ATP and UTP were found to be equipotent. Further,
immunoreactivity to P2Y,, but not P2Y, receptors was
demonstrated in the circular and longitudinal muscle of
the ileum.

The mouse Gl tract was aso found to relax in
response to a,3-meATP. Since the relaxation was not
inhibited by TTX in any region of the intestine studied,
this would suggest the presence of the receptor on the
intestinal smooth muscle. A P2Y receptor of an, as yet,
unknown subtype has been described for the guinea-pig
taenia coli (Bultmann et al., 1996). In other preparations
such as the rat stomach and duodenum, o,B-meATP is
highly potent in causing relaxations of the circular and
longitudinal muscle, respectively (Johnson et al., 1996;
Otsuguro et a., 1998). In the guineapig colon, a,pB-
meATP produces both relaxation and hyperpolarization
of the circular muscle (Zagorodnyuk et al., 1996). In the
mouse gut, this atypical a,B-meATP-sensitive receptor
is not sensitive to the selective P2Y ; receptor antagonist
MRS 2179. A similar response to o,3-meATP has been
reported for the rat ileum, resistant to the effects of atro-
pine and TTX and therefore situated on the smooth mus-
cle (Storr et a., 2000).

The pharmacologica action of ATP is complicated by
its breakdown by ecto-nucleotidases to adenosine, which
retains its own effects by acting at P1 receptors (Moody
et a., 1984; Kadowaki et a., 2000). Adenosine-induced
relaxation suggests the presence of inhibitory P1 recep-
tors in each of the regions examined. Indeed, the sensi-
tivity of ATP-induced relaxations to the P1 receptor
antagonist 8pSPT suggests that the effect of ATP may
be partly mediated through P1 receptor activation.

At the highest concentration tested, ATP induced a
relaxation, which was followed by arebound contraction
of the duodenum, ileum and colon. Previous studies on
guinea-pig taenia-coli have demonstrated that rebound
contractions are mediated by the release of prosta-

glandins, since they were blocked by indomethacin, an
inhibitor of prostaglandin synthesis (Burnstock et al.,
1975). In our study of the mouse intestine, however,
ATP is not inducing a contraction via the production of
prostanoids since the rebound contraction was insensi-
tive to indomethacin, as was aso found for the circular
muscle of the guinea-pig small intestine (Mitchell and
Wood, 1976).

ATP-induced contractions were prominent in the
colon. At basal tone, ATP, a,3-meATP and 2-MeSATP
induced concentration-dependent contractions with 2-
MeSATP being the most potent agonist. Contractions to
2-MeSATP and ATP did not show desensitization, sug-
gesting the involvement of P2X,, receptors (Ralevic and
Burnstock, 1998). 2-MeSATP has been shown to dlicit
non-selective inward cation currents with high potency,
whereas o,3-meATP is inactive as an agonist at the
recombinant P2X, receptor (Brake et al., 1994). The lack
of sensitivity of ATP and 2-MeSATP-induced contrac-
tions to TTX, suggests that a majority of excitatory P2
receptors are located on smooth muscle. This hypothesis
is substantiated by the presence of immunoreactivity to
P2X., receptors on smooth muscle cells both in the circu-
lar and longitudinal layer and the lack of immunoreactiv-
ity to P2X, receptor antibodies. The high potency dis-
played by a,3-meATP (which has no activity on P2X,
receptors) suggests the participation of another P2X
receptor, possibly of P2X,; or P2X; subtype, in the con-
tractile response to ATP in the mouse colon, athough
the lack of staining for P2X, receptors would seem to
discount the participation of P2X, receptors. The mouse
ileum was found to display immunoreactivity to P2X,
receptors on a small subpopulation of myenteric neu-
rones. This is consistent with the guinea-pig, which has
been shown to possess P2X, receptor immunoreactivity
on myenteric neurones identified as inhibitory motor
neurons of the myenteric plexus innervating the circular
smooth muscle (Vulchanova et a., 1996; Castelucci et
al., 2002). In the mouse ileum, responses to ATP are
mainly inhibitory; ATP was only observed to induce a
contractile response at very high concentrations and only
on limited occasions.

In the guinea-pig ileum, there is evidence of multiple
P2 receptor subtypes involved in the contractile response
of the longitudinal muscle (Matsuo et a., 1997): a recep-
tor sensitive to a,B-meATP, possibly of the P2X, sub-
type, located on cholinergic enteric neurons; a 2-MeS-
ATP-sensitive P2X receptor, located on smooth muscle
cells and mediating a rapid phasic response and a 2-
MeSATP-sensitive P2Y receptor, mediating a tonic
long-lasting response (Kennedy and Humphrey, 1994;
Sato et a., 1999). In the mouse colon, we have shown
that a P2X, or P2X; receptor subtype is unlikely to be
located on the cholinergic enteric neurons mediating the
release of ACh, since atropine had no inhibitory effect
on the responses to o,B-meATP.



1322 C. Giaroni et al. / Neuropharmacology 43 (2002) 1313-1323

In conclusion, pharmacological and morphological
investigations have shown the presence of P2Y, recep-
tors on myenteric and submucosal NANC inhibitory
neurons colocalized with NOS-containing neurones,
mediating relaxation of the longitudinal muscle in the
mouse gut largely through the production of NO, and by
ATP acting via P2Y , receptors on smooth muscle. P2Y,
receptors have also been identified on the smooth muscle
of the ileum although the lower intensity of staining and
the lower potency of UTP indicate that P2Y, receptors
are the dominant receptor subtype mediating relaxation
in the gut. In addition, there is pharmacological evidence
for an atypica, a,3-meATP-sensitive inhibitory P2Y
receptor on smooth muscle, in addition to relaxation fol-
lowing metabolism of ATP to adenosine, acting via P1
receptors. The presence of P2X, receptors, mediating a
contractile response in the mouse colon has also been
demonstrated. The distribution of different purinoceptors
mediating both relaxation and contraction in the mouse
gut is schematically represented in Fig. 7.

P2Y,

ADP
NANC Excitatory
inhibitory nerve (in colon
nerve only)

NO / ATP ———— P adenosine ATP
P2y, | P2y, | pav, Pl @
- - - - - +
Sensitive to
o,B-meATP

Fig. 7. A schematic representation of the distribution of different pur-
inoceptor subtypes in the mouse intestine. ADP produces relaxation
(=) by activation of P2Y, receptors located on a subpopulation of
neurons in the myenteric and submucosal plexuses, stimulating the
release of NO and ATP from NANC inhibitory nerves and by acti-
vation of P2Y; receptors on smooth muscle. In addition, smooth mus-
cle relaxation is mediated by an unidentified P2Y receptor sensitive to
a,B-meATP, by P1 receptors after breakdown of ATP to adenosine
and P2Y, receptors. ATP is probably released as a cotransmitter from
excitatory nerves in the colon; it produces contraction (+) by directly
acting on P2X, receptors located on smooth muscle cells.
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