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Deletion of P2X2 and P2X3 receptor subunits does not alter
motility of the mouse colon
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Purinergic P2X receptors contribute to neurotransmission in the gut. P2X receptors are ligand-
gated cation channels that mediate synaptic excitation in subsets of enteric neurons. The
present study evaluated colonic motility in vitro and in vivo in wild type (WT) and P2X2 and
P2X3 subunit knockout (KO) mice. The muscarinic receptor agonist, bethanechol (0.3-3 pM),
caused similar contractions of the longitudinal muscle in colon segments from WT, P2X2 and
P2X3 subunit KO mice. Nicotine (1-300 pM), acting at neuronal nicotinic receptors, caused
similar longitudinal muscle relaxations in colonic segments fromWT and P2X2 and P2X3 subunit
KO mice. Nicotine-induced relaxations were inhibited by nitro-L-arginine (NLA, 100 uM) and
apamin (0.1 upM) which block inhibitory neuromuscular transmission. ATP (1-1000 uM) caused
contractions only in the presence of NLA and apamin. ATP-induced contractions were similar in
colon segments from WT, P2X2 and P2X3 KO mice. The mouse colon generates spontaneous
migrating motor complexes (MMCs) in vitro. The MMC frequency was higher in P2X2 KO
compared to WT tissues; other parameters of the MMC were similar in colon segments from
WT, P2X2 and P2X3 KO mice. 5-Hydroxytryptophan-induced fecal output was similar in WT,
P2X2 and P2X3 KO mice. These data indicate that nicotinic receptors are located predominately
on inhibitory motor neurons supplying the longitudinal muscle in the mouse colon. P2X2 or
P2X3 subunit containing receptors are not localized to motor neurons supplying the longitudinal
muscle. Synaptic transmission mediated by P2X2 or P2X3 subunit containing receptors is not

required for propulsive motility in the mouse colon.
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INTRODUCTION

ATP is an excitatory and inhibitory neurotransmitter in the gas-
trointestinal tract (LePard et al., 1997; LePard and Galligan, 1999;
Galligan et al., 2000; Nurgali et al., 2003; Serio et al., 2003). ATP
relaxes gut smooth muscle via activation of metabotropic P2Y
receptors coupled to small conductance Ca**-gated K* channels
(Koh et al., 1997; Giaroni et al., 2002). P2X ionotropic receptors
contribute to fast synaptic excitation in the small intestine and
colon (Galligan and Bertrand, 1994; LePard et al., 1997; LePard
and Galligan, 1999; Giaroni et al., 2002; Bian et al., 2003; Nurgali
et al., 2003).

P2X receptors are multimeric proteins composed of three subu-
nits that form a ligand-gated cation channel. There are seven P2X
receptor subunits (P2X1-P2X7). Functional P2X receptors are
monomeric or heteromeric trimers and the functional and phar-
macological properties of the receptors are determined by the spe-
cific subunit composition (Surprenant and North, 2009). Receptors
containing P2X2 and P2X3 subunits have been localized to enteric
neurons in the small intestine and colon where they contribute to
fast synaptic excitation (Castelucci et al., 2002; Poole et al., 2002;
Van Nassauw et al., 2002; Nurgali et al., 2003; Monro et al., 2004).
P2X subunits have also been localized to colonic circular and longi-
tudinal smooth muscle cells from mouse (Giaroni et al., 2002) and
dog (Lee et al., 2005). Studies of P2X receptors in the mouse colon

would be important because the mouse colon generates spontane-
ous migrating contractions, the migrating motor complex (MMC),
in vitro and this facilitates pharmacological studies of the neural
circuitry controlling this complex motor pattern. The colonic MMC
is a cyclic motor pattern that propagates the length of a colonic
segment every 1-3 min in vitro. The propagating contractions are
associated with phasic depolarizations of circular smooth muscle
cells. The depolarizations and contractions are caused by acetylcho-
line acting at muscarinic receptors (Spencer et al.,2005). The MMC
is inhibited by nicotinic receptor and 5-HT, receptor antagonists
indicating that cholinergic and serotonergic synaptic transmission
in myenteric ganglia contribute to initiation and propagation of the
colonic MMC (Fida et al., 1997; Bush et al., 2001). The contribu-
tion of P2X receptor-mediated synaptic transmission to the colonic
MMC has not been investigated.

While some P2X receptor subtypes can be discriminated using
somewhat selective agonists and antagonists, most drugs have affin-
ity for more than one P2X receptor subtype (Jarvis and Khakh,
2009; Surprenant and North, 2009). The unavailability of drugs
that are highly selective for P2X receptor subtypes complicates
interpretation of pharmacological studies designed to determine
the P2X receptor subtype mediating a particular response. In the
present study, we used P2X2 and P2X3 gene knockout (KO) mice
(Cockayne et al., 2000; Bian et al., 2003) and wild type (WT) control
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mice to investigate the contributions of receptors containing these
subunits to neurotransmission controlling of colonic motility in
vitro and in vivo.

MATERIALS AND METHODS

ANIMALS

All protocols for the use of animals were approved by the
Institutional Animal Use and Care Committee on Animal Use
at Michigan State University. P2X2 and P2X3 subunit KO mice
were derived as described previously (Cockayne et al., 2000).
The mice used in this study were on a C57BL/6 background and
therefore WT C57BL/6 mice (Harlan Laboratories') were used
as controls.

Tissues used for in vitro isometric longitudinal muscle contrac-
tion and colonic MMC experiments were harvested from animals
that were first anesthetized with halothane then killed by cervical
dislocation. The distal colon was removed and placed in Krebs’
solution composed of (in mM): NaCl 117,KCl 4.7, CaCl, 2.5, MgCL,
1.2,NaH_PO, 1.2, NaHCO, 25, and glucose 11. The tissue was kept
oxygenated (95% O,, 5% CO,) at room temperature.

ISOMETRIC CONTRACTIONS OF LONGITUDINAL MUSCLE

Segments (2 cm) of distal colon were suspended between stationary
hooks and isometric force transducers (FT03C; Grass Instruments,
Quincy, MA, USA) in 20 ml jacketed baths containing oxygenated,
37°C Krebs’ solution. Tissues were placed under 10 mN initial ten-
sion and allowed 30 min equilibration time before experiments.
Mechanical activity of the colonic segments was recorded with a
chart recorder (7DAE; Grass Instruments). Drugs were added to
the baths in volumes of 2-20 pl. Agonist concentration-response
curves were constructed in a non-cumulative manner with 15-min
intervals between agonist doses. Two preparations were obtained
from each animal. One served as a control for agonist concentra-
tion response curves while the other was used to test antagonists
versus the agonist concentration response curve.

Preliminary studies of circular muscle strips from the mouse
colon yielded inconsistent results and many preparations did not
respond to drugs. Therefore, we used whole colonic segments in
which circular muscle contractions were recorded during propa-
gated MMC:s (see below).

COLONIC MIGRATING MOTOR COMPLEXES

Methods for assay of colonic MMCs were adapted from previ-
ously published work (Fida et al., 1997; Bush et al., 2000, 2001;
Brierley et al., 2001). The colon was removed from the cecum to
the rectum, fecal contents were gently flushed with Krebs’ solution
and the mesentery dissected away. An 18 gauge stainless steel rod
was inserted into the lumen and then secured at the bottom of
a heated (37°C) chamber (35 ml volume) containing oxygenated
Krebs’ solution. A microserfine clip (Fine Science Tools?) clip was
placed at the end of the proximal colon, 5 mm aboral to the end of
the haustra. A second clip was placed 2 cm distal to the first. The
clips were connected to isometric force transducers (FT03C; Grass
Instruments) with surgical silk. The tissue was allowed 60 min to

'http://www.harlan.com/
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equilibrate. The MMC frequency, oral amplitude, anal amplitude
and velocity of transmission from oral to anal clip were measured
(Bush et al., 2001).

FECAL OUTPUT

WT, P2X2 and P2X3 KO mice were injected with 5-hydroxytryp-
tophan (100 mg/kg, i.p.) to induce defecation (Bourin et al., 1996).
Fecal output was assayed by counting the number of fecal pellets
produced in the 60 min post injection. Fecal pellet wet and dry weight
over the same time was also measured. Dry weight was determined
after the pellets had been dried for 1 h in a laboratory oven at 80°C.

CHEMICALS
All drugs were obtained from Sigma Chemical Company, St. Louis,
MO, USA.

STATISTICAL ANALYSIS

Data are expressed as mean + SEM; “n” refers to number of animals
from which the data were obtained. Statistical analysis was preformed
using Student’s t-test for unpaired data when comparing two groups, a
one-way analysis of variance (ANOVA) followed by Dunnett’s multi-
ple comparison test or the Kruskal-Wallis and Dunn’s non-parametric
tests for multiple group comparisons when standard deviations were
not uniform across groups (InStat and Prism 4.0, Graphpad Software,
San Diego, CA, USA). Potential differences in agonist concentration
response curves were analyzed using a two-way ANOVA (Prism 4.0,
Graphpad Software, San Diego, CA, USA).

RESULTS

DRUG-INDUCED MOTOR RESPONSES OF COLON SEGMENTS /N VITRO

In the first set of experiments, we tested the effects of deletion of
the P2X2 or P2X3 subunits on longitudinal muscle contractility. We
used the muscarinic receptor agonist, bethanechol, to cause longi-
tudinal muscle contractions. Bethanechol caused concentration-
dependent contractions in tissues from WT, P2X2 and P2X3 KO
mice but there were no differences between the concentration
response curves across groups (Figure 1A). The muscarinic antago-
nist scopolamine (1 pM) blocked bethanechol-induced contrac-
tions in all groups and bethanechol-induced contractions were
unaffected by the sodium channel antagonist, tetrodotoxin (TTX,
0.3 uM) in all groups (not shown).

Motor neurons controlling contraction/relaxation of longitudi-
nal smooth muscle are activated by acetylcholine acting at nicotinic
receptors. To investigate the effect of P2X receptor subunit gene
deletion on neurogenic responses, nicotine was used to active mye-
nteric neurons. Nicotine caused similar concentration-dependent
relaxations in colonic segments from WT, P2X2 and P2X3 KO mice
(Figure 1B). When tissues were incubated with nitro-L-arginine
(NLA, 100 pM) and apamin (0.1 pM) to block inhibitory neu-
romuscular transmission, the nicotine-induced relaxations were
blocked revealing small amplitude contractions (Figure 1C). There
were no differences in contraction amplitude in tissues from WT,
P2X2 and P2X3 KO mice.

ATP is the endogenous ligand for P2X receptors. Therefore, we
tested the effects of ATP on longitudinal muscle contractions. ATP did
not affect resting tone of the colon preparations in normal Krebs’solu-
tion (Figure 2A). However, ATP did cause concentration-dependent
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FIGURE 1 | Cholinergic agonist-induced longitudinal muscle motor
responses in the isolated colon of mice. (A) Concentration response curves
for bethanechol-induced longitudinal muscle contractions were similar in
colonic segments from WT (n = 21) and P2X2 (n = 10) and P2X3 (n = 17)
subunit KO mice. (B) Nicotine-induced relaxations of the longitudinal muscle
were similar colonic segments from WT (n = 23) and P2X2 (n = 14) and P2X3

ANOVA, P>0.05).

(n = 18) subunit KO mice. (C) Relaxations of the longitudinal muscle
caused by nicotine were blocked by NLA (100 M) and apamin (0.1 uM) in
tissues from WT (n = 14), P2X2 (n = 9) and P2X3 (n = 7) subunit KO mice.
Data are mean + SEM. There were no differences between responses
obtained in tissues from WT, P2X2 and P2X3 subunit KO mice (two-way

ATP-induced longitudinal muscle contraction

FIGURE 2 | ATP induced longitudinal muscle contractions in the mouse
colon. (A) ATP does not change the resting tone of longitudinal muscle in
colonic segments from WT (n = 14) and P2X2 (n = 7) and P2X3 (n = 12)
subunit KO mice. (B). ATP caused longitudinal muscle contractions in

colonic segments of WT (n = 8) and P2X2 (n = 7) and P2X3 (n = 4) subunit KO
mice when NLA (100 pM) and apamin (0.1 uM) were added to the Krebs’
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solution. (C) ATP-induced contractions (NLA and apamin present) were not
blocked by TTX (0.3 uM) in colonic segments of WT (n = 9) and P2X2 (n = 6)
and P2X3 (n = 3) subunit KO mice. Data are mean + SEM. In all of these
studies there were no differences between responses obtained in

tissues from WT, P2X2 and P2X3 subunit KO mice (two-way ANOVA,
P>0.05).

contractions of the longitudinal muscle when NLA (100 uM) and
apamin (0.1 pM) were added to the buffer (Figure 2B). There was
no difference in contraction amplitude in tissues from WT, P2X2 or
P2X3 subunit KO mice (Figure 2B). The ATP-induced contractions
were not blocked by TTX (0.3 uM, Figure 2C).

COLONIC MMCs

The isolated colon of the mouse generates spontaneous migrating
contractions that originate in the proximal colon and migrate to
the distal colon (Figure 3). Time control studies revealed that the

pattern was stable during a 90-min recording period. We measured
MMC frequency, the speed of propagation and the amplitude of
contractions at oral and anal recording sites. There was a small but
statistically significant increase in MMC frequency in colon seg-
ments from P2X2 KO mice (Figure 4A, P < 0.05) but there were no
differences in other MMC parameters measured in colon segments
from WT, P2X2 and P2X3 subunit KO mice (Figures 4B-D).
P2X3 receptors are expressed by colonic myenteric neu-
rons (Poole et al., 2002; Xiang and Burnstock, 2004) and P2X3
receptors may contribute to fast synaptic excitation in the
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enteric nervous system (Ren and Galligan, 2007). Therefore,
we anticipated that colonic MMCs might be more sensitive to
inhibition by the nicotinic acetylcholine receptor antagonist,
mecamylamine, in the colon of P2X3 subunit KO mice com-
pared to WT mice. However, it was found that the number of
MMCs that propagated fully along the length of the colon, their

MMC in WT colon
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19
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FIGURE 3 | Representative recording of three cycles of the colonic MIMC
in vitro. Contractions originated at the oral end of a colonic segment and
propagated to the anal recording site. Arrows indicate propagated
contractions. Tissue obtained from aWT mouse.

frequency and speed of propagation were equally inhibited by
mecamylamine in colonic segments from WT and P2X3 subunit
KO mice (Figure 5).

FECAL OUTPUT IN VIVO

To assess the contribution of P2X2 and P2X3 receptor subunits to
colonic motility in vivo, 5-HTP was used to induce fecal output.
5-HTP induces an increase in fecal pellet output within 60 min
(Bourin et al., 1996) allowing more accurate assessment of drug-
or other treatment-induced changes in colonic motility. A saline-
treated group was not studied in this protocol as we were only
interested in differences between WT and P2X subunit KO mice.
However, others have shown that in control mice treated with saline
fecal output ranges between one and three pellets per hour (Wang
etal., 2007,2009). 5-HTP treatment stimulated output of soft but
formed fecal pellets. 5-HTP induced fecal output during the 1-h
period post-injection was similar in WT, P2X2 and P2X3 KO mice
(Figure 6A). There were no differences in the dry and wet weight
of fecal pellets produced by WT, P2X2 and P2X3 subunit KO mice
(Figures 6B,C).

DISCUSSION

P2X receptors contribute to fast synaptic excitation in the enteric
nervous system (Galligan and Bertrand, 1994; LePard et al., 1997;
Johnson et al., 1999). Immunohistochemical studies show that
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FIGURE 4 | Properties of MMCs were similar in colon segments from WT was not altered by P2X2 or P2X3 subunit KO mice. The amplitude of contractions
and P2X2 and P2X3 KO mice. (A) The frequency of colonic MMC was increased  at the oral end (C) or anal end (D) of colonic segments was not altered by P2X2
in colonic segments from P2X2 but not P2X3 subunit KO mice when compared or P2X3 subunit KO (P> 0.05). Data are mean £ SEM. Data analyzed by the
1o WT colonic segments (P< 0.05). (B) The velocity of colonic MMC propagation Kruskal-Wallis and Dunn non-parametric multiple comparisons tests.

Frontiers in Neuroscience | Autonomic Neuroscience

March 2010 | Volume 4 | Article 22 | 4



DeVries et al.

Purinergic receptors in the colon

Mecamylamine inhibits the colonic MMC
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of these measures (two-way ANOVA).

A B c
4- -
1004 5 _'§ 0.4 Fwr
2 75 @ S 03 W poxs”
© € =
2 ool £ S 02
o OwT z 3 o
o 251 pax3t 8 g
3 ° 0.0 ==
> g
0.‘__I_______I _________ A _l_l_ll » L L e | E Il Il Aaaaal
Control 10 107 Control 107 107 0-%Control 10° 107

[Mecamylamine](M)

FIGURE 5 | Mecamylamine caused equivalent inhibition of MIVIC efficiency of propagation (A), speed of propagation (B) and MMC frequency (C) in
isolated colonic segments fromWT (n = 4), and P2X3 (n = 7) subunit KO mice. Data are mean + SEM. There were no differences among groups (P> 0.05) in any
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5-HTP-induced fecal pellet output

FIGURE 6 | 5-HTP induced fecal pellet output is similar inWT (n = 8) and P2X2
(n=4) and P2X3 (n = 4) subunit KO mice. (A) Number of fecal pellets expelled.
(B) Total wet weight of fecal pellets expelled by each group. (C) Dry weight of fecal
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pellets expelled by each group. Data are mean £ SEM of the number of fecal
pellets produced in the 60-min period after 5-HTP injection (100 mg/kg, i.p.). There
were no differences among groups (P> 0.05, one-way ANOVA).

P2X2 immunoreactive neurons are found in guinea pig and mouse
colon (Castelucci et al., 2002; Giaroni et al., 2002). P2X3 immu-
noreactivity is also localized to myenteric neurons in the small
and intestine and colon in the guinea pig (Poole et al., 2002; Van
Nassauw et al., 2002). Few electrophysiological studies of synaptic
transmission have been done in mouse colon, with early experi-
ments failing to observe a non-cholinergic component (Furukawa
etal., 1986). However, Nurgali et al. (2003) identified purinergic
synaptic potentials in the guinea pig colon that were mediated
by P2X2 and other P2X subunit containing receptors (Nurgali
et al., 2003).

Functional studies of the relative contributions of P2X receptors
of different subunit composition are hampered by the shortage P2X
subunit selective drugs. P2X subunit KO mice provide an alterna-
tive approach to studies of the integrative function of P2X subunit
containing receptors in the gut. Previous studies have shown that
small intestinal peristalsis studied in vitro is impaired tissues from
P2X2 and P2X3 KO mice (Bian et al., 2003; Ren et al., 2003). The
present study was designed to assess the functional role of P2X2 and
P2X3 receptor subunits on colonic motility in vitro and in vivo.

DRUG-INDUCED CONTRACTIONS AND RELAXATIONS OF COLONIC
LONGITUDINAL MUSCLE

In the first set of experiments, we determined if P2X2 or P2X3 gene
KO produced a general impairment of drug-induced contractions
of the colon in vitro. Bethanechol activates muscarinic receptors
on smooth muscle to stimulate contraction. Bethanechol-induced
longitudinal muscle contractions were similar in colonic segments
from WT, P2X2 or P2X3 subunit KO mice. This result indicates
that P2X2 and P2X3 gene deletion does not compromise overall
longitudinal muscle function.

Ganglionic transmission may also be affected by P2X receptor
gene deletion. We used nicotine to activate nicotinic acetylcholine
receptors on myenteric neurons to assess the function of motor
neurons supplying the longitudinal muscle. In normal Krebs’ solu-
tion nicotine caused a concentration-dependent relaxation of the
longitudinal muscle that was similar in WT, P2X2 and P2X3 subunit
KO mice. Nicotine-induced relaxations were blocked when the nitric
oxide synthase inhibitor, NLA, and the SK channel blocker, apamin,
were added to the Krebs’ solution. However, even when inhibitory
neuromuscular transmission was blocked, nicotine failed to cause
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significant contractions of the longitudinal muscle. These data indi-
cate that although excitatory muscarinic cholinergic receptors are
localized to the longitudinal muscle in the mouse colon (see above);
there is relatively sparse functional innervation of these receptors.

ATP is an endogenous agonist for P2X receptors. ATP did not
change the resting tone of colonic longitudinal muscle of WT, P2X2
or P2X3 subunit KO mice in normal Krebs’ solution. However,
in the presence of NLA and apamin, ATP caused concentration-
dependent contractions of the muscle. These data are consistent
with ATP activated inhibitory neurotransmission to the longitu-
dinal muscle in the mouse colon (Koh et al., 1997; Giaroni et al.,
2002). ATP induced contractions were similar in tissues from WT,
P2X2 or P2X3 subunit KO mice and these contractions were resist-
ant to TTX. This result suggests that ATP-induced contraction were
caused either by activation of enteric nerve endings (which would
be resistant to TTX) or that the receptors for ATP were localized
to longitudinal smooth muscle cells. This latter suggestion is con-
sistent with data showing localization of P2X3, P2X5 and P2X7
receptors to the longitudinal muscle of the canine colon (Lee et al.,
2005). P2X2 receptors were also localized to longitudinal mus-
cle of the mouse colon (Giaroni et al., 2002). These investigators
concluded that P2X2 receptors mediate ATP-induced contractions
of the longitudinal muscle, a result that is inconsistent with our
findings. It is possible that the drugs used in the previous study did
not have sufficient selectivity to identify a P2X2-mediated response.
Alternatively, P2X2 receptors may normally mediate ATP-induced
contractions of the longitudinal muscle but that there are com-
pensatory changes in purinergic receptor expression in P2X2 KO
mice. However, others have concluded that P2Y receptors mediate
ATP induced contractions of the longitudinal muscle in the mouse
colon (Serio et al., 2003; Zizzo et al., 2007). Taken together these
data indicate that ATP activates both excitatory and inhibitory
mechanisms controlling longitudinal muscle tone in the mouse
colon. It is unlikely that these responses are mediated by receptors
composed of P2X2 or P2X3 subunits.

P2X2 BUT NOT P2X3 SUBUNIT KO INCREASES COLONIC

MMC FREQUENCY

The colonic MMC is a cyclic motor pattern consisting of regularly
occurring propagating contractions in the mouse colon main-
tained in vitro (Fida et al., 1997; Bush et al., 2000). This pattern
may provide the contractions required to mix and knead the solid
and semi-solid contents of the colon (Fida et al., 1997). Colonic
MMC:s require the interaction of myenteric nerve circuits and mul-
tiple neurotransmitters (Fida et al., 1997; Bush et al., 2000, 2001;
Brierley et al., 2001). Our data obtained in the colon from P2X2
KO mice revealed that this subunit contributes to neurotransmis-
sion that regulates the MMC frequency. P2X2 subunit KO results
in an increase in MMC frequency suggesting that these subunits
are localized to inhibitory mechanisms that suppress the circuitry
responsible for MMC initiation. Neurotransmission at receptors
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