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1 This study provides a comprehensive evaluation of 5-HT3 receptor functional distribution in both
the rat and mouse intestinal tract.

2 5-HT3A�S receptor splice variant mRNA was expressed throughout the intestine of the rat and
mouse; the 5-HT3A�L variant being more common in the rat.

3 5-HT, m-CPB, 1-PBG and 2-methyl-5-hydroxytryptamine (2m5-HT) induced contraction in the
jejunum, ileum, proximal colon and distal colon of the rat (pEC50 range: 2m5-HT, 5.8670.40 to
m-CPB, 7.4770.27) and mouse (pEC50 range: 1-PBG, 5.3470.06 to m-CPB, 6.4970.14) in the
presence of nontarget 5-HT receptor antagonists, methysergide (1 mM) and GR125487 (0.1 mM). The
rank orders of potency in the four regions of the rat and mouse intestine were concordant with the
accepted order and the responses to 5-HT were inhibited by ondansetron (0.1 mM).

4 5-HT3-induced contractions to 5-HT were reduced by tetrodotoxin (1 mM). Pargyline (10 mM) and
fluoxetine (1 mM) potentiated responses in the rat jejunum. Atropine (0.1 mM) potentiated 5-HT3-
induced responses in the rat jejunum (Emax 49–65%), but attenuated responses in most other regions of
the rat and mouse (e.g. mouse ileum: Emax 57–26%). In the rat jejunum, L-NAME (100 mM) mimicked
the effect of atropine, hexamethonium (100 mM) suppressed 5-HT3-induced responses, but tachykinin
receptor antagonists were without effect.

5 It is concluded that functional 5-HT3 receptors are present in nerves along the length of the rat and
mouse intestinal tract. The mouse proximal colon was found to discriminate 5-HT3 receptor agonist
profiles better than any other region in the rat or mouse. The rat jejunum shows evidence of 5-HT
uptake and inactivation processes as well as inhibitory nitrergic and nontachykinin excitatory
pathways associated with the 5-HT3-induced response.
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Introduction

The 5-hydroxytryptamine 3 (5-HT3) receptor belongs to a

superfamily of ligand-gated ion channels that include nicotinic,

glycine and GABAA receptors (Maricq et al., 1991). The 5-HT3

receptor possesses molecular diversity, which may explain some

of the species and tissue-specific differences in its pharmaco-

logical profiles. Two subunits have been fully characterised in

rodents, where homomeric expression of the 5-HT3A subunit

forms a functional channel, whereas coexpression of both

subunits results in a channel with modified pharmacological

and functional characteristics (Dubin et al., 1999). In addition,

two splice variants (5-HT3A�L and 5-HT3A�S) of the 5-HT3A

subunit have been discovered (Hope et al., 1993) and these may

be responsible for differences in efficacy of specific agonists, as

a result of altering the intracellular structure of the channel

protein (Niemeyer & Lummis, 1998).

5-HT3 receptors are located on neurones in the brain and

spinal cord, autonomic, sensory nerves and enteric nervous

systems, heart, blood vessels, skin, and are relevant to various

clinical conditions, both centrally and peripherally (Hoyer

et al., 1994). Early studies found that activation of the ‘M

receptor’, now known as the 5-HT3 receptor, elicits contraction

in isolated guinea-pig ileum via acetylcholine (ACh) release

(Gaddum & Picarelli, 1957). More recent studies have

established that 5-HT3 receptors are located on pre- and

postganglionic autonomic neurones and those of the sensory

and enteric nervous systems (Fozard, 1984; Peters et al., 1991;

Glatzle et al., 2002), where they mediate effects in the control

of intestinal motility (Sevcik et al., 1996; Tuladhar et al., 1997)

and secretion (Furman &Watson, 1989; Nagakura et al., 1997).
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In the rat, 5-HT3 receptor immunoreactivity has been

identified in various cell types of the stomach and intestine.

These cell types are neurones of myenteric and submucosal

plexuses, fibres in muscle layers and mucosa and ICC cells and

some EC cells (Glatzle et al., 2002).

There have been several studies of the intestine, which have

established the presence and the function of 5-HT3 receptors

in various species and regions. For example, Tuladhar et al.

(2000) reported that a neuronally located 5-HT3 receptor

mediates a contractile response to 5-HT in the mouse ileum,

but the receptor displayed a different operational profile to

that previously reported for the guinea-pig ileum (Chahl,

1983). We also reported that 5-HT3 receptors mediate

neurogenic contraction using the rat jejunum (McLean &

Coupar, 1996). The most extensive study to investigate the role

of 5-HT3 receptors in different species was by Yamano et al.

(1997). These authors found that the 5-HT3 receptor agonists,

2-methyl-5-hydroxytryptamine (2m5-HT) and meta-chloro-

phenylbiguanide (m-CPB), caused concentration-dependent

contractions in the isolated longitudinal muscle of the ferret

ileum, but no effect was observed in either the rat or piglet

ileum (Yamano et al., 1997).

Although 5-HT3 receptor antagonists have become clinically

important agents in treating postoperative and chemotherapy-

induced nausea and emesis (Alon et al., 1996; Tang et al., 1998;

Watters et al., 2001) and in delaying large bowel transit and

improving pain and discomfort associated with irritable bowel

syndrome (Camilleri et al., 2000), less attention has been paid

to 5-HT3 receptor agonists as potential therapeutic agents.

Consequently, future studies in this area will require suitable

models of intestinal function. Therefore, the aim of this study

was to provide a comprehensive evaluation of 5-HT3 receptor

functional distribution in both the rat and mouse intestine.

In addition, potential species and regional differences in 5-HT

uptake and inactivation mechanisms were investigated

together with a pharmacological determination of tissue

localisation.

Methods

Animals and housing conditions

The experiments were carried out on 8-week-old Hooded

Wistar rats of either sex, weighing between 200 and 300 g and

Swiss mice of either sex weighing between 25 and 35 g. The rats

were housed in single-sex groups of five in a cage and allowed

food and water ad libitum. The mice were housed in similar

groupings. All cages were floored with sawdust and bedding

was replaced on a regular basis. The room was maintained

on a constant 12/12 h light/dark cycle at a temperature of

18–221C. Experiments were carried out in accordance with

the NHMRC Australian code of practice for the care and use

of animals for scientific purposes (1997).

Preparation of tissues

Animals were asphyxiated using CO2 and segments of jejunum,

ileum, proximal colon and distal colon were removed.

The jejunum was excised approximately 4–5 cm distal to the

ligament of Treitz in the rat and 3–5 cm in the mouse. The

ileum was excised approximately 4–5 cm before the ileo-caecal

junction in the rat and 3–5 cm in the mouse. Excision halfway

between the distal end of the caecum and the rectum resulted

in the proximal and distal colon segments. The lumen of these

tissues were flushed with Krebs–Henseleit solution (in mM:

NaCl, 118.1; KCl, 4.69; KH2PO4, 1.2; NaHCO3, 25.0; glucose,

11; MgSO4, 1.2; CaCl2, 2.5) to remove any intestinal debris.

Each tissue was cut into 3.5–5.5 cm lengths and then mounted

longitudinally in 10ml organ baths containing Krebs–Hense-

leit solution, bubbled with 5% CO2 in O2 and maintained at

371C. The tissues were equilibrated for 45–60min followed by

three repeated additions of ACh (1 mM). Two more doses of

ACh (1 mM) were added to the bath to establish the integrity of

the tissue at the end of the experiment. Ugo Basile (Comario,

Italy) isotonic transducers connected to a Powerlab system

(ADI Instruments, Castle Hill, NSW, Australia) were used to

measure isotonic changes in length of each tissue.

Construction of concentration–response curves

Noncumulative concentration–effect curves to 5-HT, 2m5-HT,

1-phenylbiguanide (1-PBG) and m-CPB were constructed in

the presence of methysergide (1 mM), to inhibit 5-HT1,2,5,6,7

receptors (Hoyer et al., 1994) and GR125487 (0.1 mM), to

inhibit 5-HT4 receptors (Gale et al., 1994). Curves were

established by adding increasing concentrations of agonist for

o1min at 10min intervals, and washing after each addition.

This procedure has been shown previously to avoid the

development of tachyphylaxis to 5-HT in the rat jejunum

(McLean & Coupar, 1996). The antagonists were incubated

with the tissue for 1 h before the start of the experiment and

re-applied after each wash. Each tissue was used for only one

discrete concentration–response curve to prevent desensitisa-

tion and the relative effect of each agonist was measured as a

percentage of the maximal contraction induced by ACh (1 mM).

The effect of ondansetron (0.1 mM), fluoxetine (1 mM),

pargyline (10 mM), atropine (0.1 mM) and tetrodotoxin (TTX;

1mM) on 5-HT-induced contractions, in all four regions of

the rat and mouse intestine, were investigated in separate

experiments in the presence of methysergide (1 mM) and

GR125487 (0.1 mM). Hexamethonium (100mM), L-NAME

(100mM), SR140333, SR48968 and SR142801 (each at

0.1mM) were used for further studies of the rat jejunum.

Experiments were controlled by using a four-organ bath

setup allowing the four different regions from each animal to

be examined at the same time. Paired segments from the same

region were used for determining apparent pKB values. Four

adjacent segments of rat jejunum, one acting as control, were

used to study the effects of the drugs.

Analysis of results

All results are expressed as means7s.e.m. The potencies of all

agonists are expressed as pEC50 values and efficacies are

expressed as Emax values in relation to individual maxima,

where 100% indicates the same response as the internal

standard ACh. These values were estimated from monophasic

nonlinear regression plots of concentration–response curves.

Monophasic concentration–effect curves were analysed by

fitting a four-parameter (variable slope) logistic equation to the

data to obtain location and slope parameters. The equation is:

Y ¼ Bottomþ ðTop� BottomÞ=1þ 10ðLogEC50Þn
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where Top and Bottom are the maximum and minimum

responses, respectively, EC50 is the midpoint potency value and

n is the Hill slope factor. Biphasic curves were analysed by

fitting a modified four-parameter logistic equation:

Y ¼ Bottomþ ðTop� BottomÞ f
1þ 10LogEC501�Log½A�nH1

þ ðTop� BottomÞð1� f Þ
1þ 10LogEC502�Log½A�nH2

where Top and Bottom are the maximum and minimum

responses, respectively, A is the agonist concentration,

LogEC501 and LogEC502 are the midpoint potency parameters

for the two phases, respectively, nH1 and nH2 are their

corresponding Hill slopes and f is the fraction of the curve with

the most potent phase.

Student’s unpaired t-test was used to identify significant

differences between EC50 and Emax values of agonists in each

region. Differences between concentration–response curves of

different agonists and of agonists in the presence and absence

of ondansetron (0.1 mM), fluoxetine (1 mM), pargyline (10 mM),

atropine (0.1 mM), L-NAME (100mM), hexamethonium

(100mM) and TTX (1 mM) were calculated using two way

analysis of variance (ANOVA). The number of tissues from

different animals used to derive means is expressed by n.

Apparent pKB values were calculated from the relationship:

pKB ¼ logðCR� 1Þ � Log½B�
where CR is the ratio of the concentration of agonist

producing equivalent responses in the presence and absence

of antagonist (B) (Furchgott, 1972). All statistical analysis and

graphics were performed using GraphPad Prism 4.0 (Graph-

Pad Software, San Deigo, CA, U.S.A.).

cDNA preparation and PCR amplification of intestinal
tissue

The intraluminal contents were flushed out using RNAse-free

Krebs–Henseleit solution. The tissues were placed in micro-

centrifuge tubes containing RNAlatert (Ambion, Austin, TX,

U.S.A.) then immediately frozen in liquid nitrogen and stored

at �801C. Frozen jejunum, ileum, proximal colon and distal

colon tissues from six Hooded Wistar rats and six Swiss mice,

of either sex, were homogenised with a pestle and mortar in

liquid nitrogen for total RNA extraction and reverse

transcription as described (Liu et al., 2004). The quality of

cDNA produced was assessed by amplifying cDNA for the

house-keeping gene, glyceraldehyde-3-phosphate dehydrogen-

ase (G3PDH) using the following primers (forward: ACCA

CAGTCCATGCCATCC; reverse: TCCACCACCCTGTTG

CTGTA) and the PCR products were separated on 2%

agarose gels. The cDNA specific for the 5-HT3A receptor

subunit were detected using PCR amplification with primers

(for the rat, forward 50-GATAAGCCTCGCTGAGACCA-30;
reverse 50-CAGCCTGTCCAGCACATATC-30 and for the

mouse, forward: 50-GATAAGCCTCGCTGAGACCA-30;
reverse 50-CGCATCTCATCCCGCTTCTC-30) designed to

coamplify the 5-HT3A�S and 5-HT3A�L splice variants. A

standard PCR mixture contained cDNA (or negative RT

reaction), 1	 PCR buffer, 0.1mM primers, 200mM dNTPs and

0.5U Taq DNA polymerase (Qiagen, Doncaster, VIC,

Australia), 1	Q-solution per 25ml reaction. All tubes were

denatured at 941C for 5min and then 35 cycles of amplification

were performed (60 s denaturation at 941C, 60 s annealing at

601C and 60 s extension at 721C) with a final extension at 721C

for 8min in a FTS-960 DNA Thermal sequencer (Corbett

Research, NSW, Australia). A 1 ml aliquot of these PCR

products was used as the new template for a second round of

amplification using the same primers and conditions. The

products of the PCR amplification were expected to be 420

and 405 bp in the rat and 374 and 356 bp in the mouse

corresponding to 5-HT3A�L and 5-HT3A�S transcripts, respec-

tively. The identity of the products was confirmed by

restriction digest analysis. The re-amplified PCR products

were then separated on 2% agarose gels.

Drugs

5-HT creatinine sulphate complex (Sigma, Castle Hill, NSW,

Australia), m-CPB hydrochloride (Tocris, Ellisville, U.S.A.),

2-methyl-5-HT hydrochloride (Tocris), 1-PBG (Tocris),

methysergide hydrogen maleate (Sandoz, Basle, Switzerland),

GR125487 (1-{2[(methylsulfonyl)amino]ethyl}piperidin-4-yl)

methyl 5-fluoro-2-methoxy-1H-indole-3-carboxylate) (Glaxo,

Hertfordshire, U.K.), atropine sulphate (Sigma), fluoxetine

hydrochloride (Sigma), pargyline hydrochloride (Sigma),

ondansetron hydrochloride (Glaxo, Melbourne, Australia),

hexamethonium bromide (Sigma), L-NAME (No-nitro-L-

arginine methyl ester hydrochloride) (Sigma) and ACh

chloride (Sigma) were dissolved in distilled water. TTX

(Sigma) was dissolved in citrate buffer at pH 4.5. SR140333,

SR48968 and SR142801 (Sanofi Recherche, Montpellier,

France) were dissolved in 100mM dimethylsulphoxide. The

concentration of this solvent constituted less than 0.1% of

the total bath concentration and when tested did not appear

to affect the tone of the tissue.

Results

Expression of 5-HT3A receptor mRNA in the intestine

The 5-HT3A�S receptor splice variant was detected in all

gastrointestinal tract tissues in the rat and mouse by

RTFPCR double amplification (see Figure 1). The identity

Figure 1 A representative example of the RT–PCR analysis of the
5-HT3A receptor isoform mRNA expression in the different
intestinal regions of the rat (a) and mouse (b). A double PCR
amplification was undertaken to amplify cDNA fragments of 405
and 420 bp in the rat and 356 and 374 bp in the mouse representing
the isoforms 5-HT3A�S and 5-HT3A�L, respectively. Control ampli-
fications of the G3PDH gene (452 bp) are from the same RNA
samples with (plus) or without (minus) reverse transcriptase (RT) to
monitor for RNA amount and DNA contamination.
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of the products was confirmed by restriction digest analysis.

The 5-HT3A�L splice variant, in contrast, was present (albeit

considerably less) in all regions of the rat (Figure 1a; n¼ 6),

but was virtually undetectable in all regions of the mouse

(Figure 1b). Specifically, 5-HT3A�L was only observed in the

jejunum (one out of six mice) and ileum (two out of seven

mice) of the mouse. The G3PDH levels were comparable

between all the rat intestinal regions and in the mouse the

G3PDH levels were comparable within the small intestine and

within the large intestine, indicating that similar amounts of

mRNA were present.

Conditions for studying functional 5-HT3 receptor activity

Responses to Ach The responses to 5-HT and 5-HT3

receptor agonists in the rat and mouse jejunum, ileum,

proximal and distal colon are expressed as a percentage of

the maximum response to ACh (1 mM). ACh caused the same

response in each region when measured in terms of shortening

per unit length in the resting state. Consequently, this method

of expressing results was adopted, because it has the advantage

of showing that any differences in maximal contractions to

5-HT3 receptor agonists would be due to factors related to

5-HT3 receptors rather than nonspecific differences in the

ability of the regions to contract per se. However, between-

species comparison showed that ACh contracted all regions of

the rat intestine to a greater extent than the regions in the

mouse (two way ANOVA, Po0.0001, n¼ 12 rats and 12

mice). Individual values for the rat jejunum, ileum, proximal

colon and distal colon were as follows: 34.6572.07,

33.3172.11, 34.0671.72 and 34.9972.26%, respectively.

Corresponding values for the mouse were as follows:

24.5671.48, 23.1571.56, 24.1471.27 and 24.4671.09%

(n¼ 12 each mean).

Responses to 5-HT The rat jejunum and ileum were used

to establish the conditions for studying the 5-HT3-induced

responses by adding antagonists to the bathing solution to

block nontarget 5-HT receptors. The nontarget 5-HT recep-

tors are the 5-HT2A (Briejer et al., 1997) and 5-HT4 receptors

of the rat ileum (Tuladhar et al., 1996) and colon (Kadowaki

et al., 2002) and the ‘atypical’ 5-HT7 receptor of the rat

jejunum (McLean & Coupar, 1996; Liu et al., 2004). There-

fore, we investigated the effects of methysergide, which is an

antagonist at 5-HT1,2,5,6,7 receptors (Hoyer et al., 1994) and

GR125487, which is a 5-HT4 receptor antagonist (Gale et al.,

1994) using the rat jejunum and ileum. The concentration–

response curve to 5-HT alone was biphasic in rat jejunum

(Figure 2a) with an Emax value of 87.1771.87% (n¼ 8)

compared to ACh (100%). The fraction of the first curve

was 0.57 with a pEC50 of 7.1370.09 (n¼ 8), whereas the pEC50

of the second phase was 5.870.07 (n¼ 8). Previously, we had

shown that the first phase is due to the activation of an

‘atypical’ 5-HT7 receptor population in the longitudinal muscle

demonstrated by the presence of mRNA and functional

properties (McLean & Coupar, 1996; Hemedah et al., 1999;

Liu et al., 2004), whereas the second phase, shown at

concentrations of 5-HT above 1mM, is due to activation

of neuronal 5-HT3 receptors (McLean & Coupar, 1996).

Responses to 5-HT were reduced by methysergide (1 mM) and

GR125487 (0.1 mM) alone, but the combination of the

antagonists at the same concentrations limited the 5-HT

response to a monophasic curve with an Emax value of

35.7271.6 and pEC50 of 5.9570.07 (n¼ 10, Figure 2a). A

typical trace of the 5-HT3-induced responses in the presence

of the nontarget receptor antagonists, in the rat jejunum,

is shown in Figure 2b.

In contrast to the rat jejunum, the responses of the rat ileum

to 5-HT were monophasic with Emax and pEC50 values of

30.6772.23 and 5.7570.11 (n¼ 6), respectively (Figure 2c).

Methysergide (1 mM) caused a significant inhibition of this

curve, but GR125487 (0.1 mM) significantly potentiated the

responses to 5-HT giving an Emax value of 41.3971.40 (two

way ANOVA, F1,130¼ 100.14, Po0.0001, n¼ 6). However, the

combination of both antagonists at the same concentrations as

used in the jejunum resulted in significantly reduced responses

to 5-HT with an Emax of 23.2871.30 and pEC50 of 5.3670.06

(two way ANOVA, F1,104¼ 69.74, Po0.0001, n¼ 10,

Figure 2c). A typical trace of the 5-HT3-induced responses in

the presence of the nontarget receptor antagonists, in the rat

ileum, is shown in Figure 2d.

Methysergide and GR125487 were included in the bathing

solution in all further functional experiments to inhibit

5-HT1,2,5,6,7 receptors (Hoyer et al., 1994) and 5-HT4 receptors

(Gale et al., 1994), respectively. Representative traces of

5-HT3-induced responses in the rat and mouse distal colon

are shown in Figure 3.

Effect of ondansetron on 5-HT-induced contrac-
tions This series of experiments established that a 0.1 mM
concentration of the 5-HT3 receptor antagonist ondansetron

caused significant rightward shifts to the concentration–effect

curves to 5-HT in the intestinal regions of both rat and mouse.

The apparent pKB values were not significantly different

between the species or regions (two way ANOVA, P40.05,

n¼ 5 rats, n¼ 5 mice; Table 1). Figure 4 shows a representative

concentration–response curve of the effect of ondansetron on

the rat jejunum using control and ondansetron-paired tissues

performed in the presence of methysergide (1 mM) and

GR125487 (0.1 mM)).

Regional effects of 5-HT3 receptor agonist in the rat
and mouse

Agonist profiles In addition to 5-HT, contractile responses

were also observed with m-CPB, 2m5-HT and 1-PBG, in all

regions of the rat and mouse intestine. It was shown that

differences in efficacy were more evident between the regions

than between the species. However, efficacies were higher in

the mouse small intestine compared to those recorded in the

rat (Tables 2 and 3). These differences are clearly seen in

responses to 5-HT in the small (Figure 5a) and large intestine

(Figure 5b) of the rat and mouse.

The rank order of potency (Table 2) based on individual

pEC50 values (Table 3) of 5-HT and the 5-HT3 receptor

agonists was determined at each of the four regions of the rat

and mouse intestinal tract. The orders were similar between the

regions of the mouse intestine, but slight differences were

apparent in the orders of potency between the regions of the rat

intestine. The potencies of the agonists were generally greater in

the regions of the rat intestine than those of the mouse.

Mediation and modulation of 5-HT3-induced responses in
regions of the rat and mouse The neuronal blocker TTX

N. Chetty et al Activation of rodent intestinal 5-HT3 receptors 1015
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(1 mM) caused a significant reduction (Po0.05, n¼ 3, two way

ANOVA) of all concentration–effect curves to 5-HT in the rat

and mouse intestine. A representative example of the effect of

TTX in the rat jejunum is shown in Figure 6.

The contractile responses of the rat jejunum to 5-HT were

significantly increased (F1,110¼ 67.93, Po0.05, n¼ 6; two way

ANOVA) by the monoamine-oxidase inhibitor (MAO-I)

pargyline (10 mM, Figure 6). The Emax value of 5-HT was

increased from 41.5774.90% in the absence of pargyline to

57.3473.04% in its presence. All other regions in the rat and

mouse, including the mouse jejunum, were not significantly

affected by pargyline (P40.05, n¼ 6; two way ANOVA).

The 5-HT3-induced responses of the rat jejunum were also

significantly increased (F1,110¼ 70.52, Po0.05, n¼ 6; two way

ANOVA) by the selective serotonin reuptake inhibitor (SSRI)

fluoxetine (1 mM). The effect was shown as an increase of the

Figure 3 Typical trace showing contractile responses as a result of
discrete additions of acetylcholine 1 mM and 5-HT (0.005–20 mM) in
the presence of methysergide (1 mM) and GR125487 (0.1mM) in the
(a) rat distal colon and (b) mouse distal colon.

Figure 2 Concentration–response curves and typical traces for the rat small intestine. Concentration–response curves of the rat
jeunum (a; n¼ 8–10) and ileum (c; n¼ 6–10) to 5-HT in the absence or presence of methysergide (1 mM), GR125487 (0.1 mM) or both.
Each point represents the mean7s.e.m. Typical trace showing contractile responses as a result of discrete additions of acetylcholine
1mM and 5-HT (0.005–20 mM) in the presence of methysergide (1 mM) and GR125487 (0.1 mM) in the (b) rat jejunum and (d) rat
ileum.

1016 N. Chetty et al Activation of rodent intestinal 5-HT3 receptors
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Emax, value of 5-HT from 41.674.90% in the absence of

fluoxetine to 48.9372.54% in the presence of fluoxetine.

However, fluoxetine did not alter the pEC50 of 5-HT

(P40.05). Fluoxetine did not significantly affect the Emax or

pEC50 values for 5-HT in the other regions of the rat and

mouse intestine including the mouse jejunum.

The muscarinic receptor antagonist atropine (0.1 mM)

induced a significant increase in the Emax value of 5-HT

from 48.6972.41 to 64.7273.17%, in the rat jejunum

(F1,126¼ 88.01, Po0.001, n¼ 6; two way ANOVA; Figure 7).

This effect was greater with 1mM of atropine where the Emax

value was increased to 71.8172.70. Conversely, atropine

significantly reduced the Emax values of 5-HT in the rat ileum

from 15.5971.89 to 6.1470.32% and proximal colon from

41.3571.99 to 32.8872.71% (Po0.05, n¼ 6 and 3, respec-

tively; two way ANOVA). The concentration–effect curve to

5-HT was unaltered by atropine in the rat distal colon (data

not shown). Atropine significantly reduced the Emax values of

5-HT in the mouse jejunum, from 43.1571.71 to 36.047
3.76%, and ileum, from 56.6572.86 to 26.2873.79%

(Po0.05, n¼ 3; two way ANOVA), but did not alter the

concentration–effect curves of 5-HT in the mouse proximal

and distal colon (data not shown).

Rat jejunum Additional experiments were carried out on

the rat jejunum to gain more information on the mechanism/

mediator of the 5-HT3-induced contractile response to 5-HT.

In these experiments, the nACh receptor antagonist hexa-

methonium (100mM) suppressed the concentration–response

curve to 5-HT with a resultant Emax of 41.5673.19% from

a value of 48.6972.41% (Po0.01; n¼ 6; two way ANOVA;

Figure 7).

The NOS inhibitor L-NAME (100mM) had the opposite

effect to hexamethonium, but was similar to atropine, in that it

caused a significant potentiation of 5-HT over its concentra-

tion range resulting in a significantly larger Emax value of

70.9372.72% (F1,99¼ 85.66, Po0.001; n¼ 5; two way

ANOVA; Figure 7).

The tachykinin receptor antagonists, SR140333, SR48968

and SR142801, were also used to investigate the potential

involvement of tachykinin NK1, NK2 and NK3 receptors,

respectively, in the 5-HT3-induced contractile responses to

5-HT (graphs not shown). The antagonists did not signifi-

cantly alter either the Emax or pEC50 values for 5-HT compared

to the control curve (two way ANOVA, P40.05, n¼ 5). This

was despite the fact that the concentrations and incubation

times used are considered to be effective (Croci et al., 1995;

Johnson et al., 1998).

Discussion

This study has established the presence of functional 5-HT3

receptor populations in various regions of the rat and mouse

intestinal tract. The receptor was identified by the presence of

mRNA and characterised functionally on the basis of rank

order of potency and susceptibility to the 5-HT3 receptor

antagonist ondansetron. As differences were found in the

potencies and efficacies of the agonists between species and

between the regions in the same species, the 5-HT uptake,

metabolism and neuronal systems were examined as potential

sources of the variation.

First, conditions for studying 5-HT3-induced contractile

activity in rat jejunum and ileum were established. ACh was

selected as the internal standard, which was found to elicit

larger contractions in the regions of the rat intestine than the

mouse. This indicates that there is a species difference in the

Table 1 Apparent pKB values of ondansetron
(0.1 mM) in the rat and mouse intestinal tract in the
presence of methysergide (1 mM) and GR125487
(0.1 mM)

Regions Rata Mousea

Jejunum 7.4570.14 7.2770.18
Ileum 6.9570.11 6.8870.17
Proximal colon 7.1470.28 7.2770.12
Distal colon 6.9270.16 7.4170.13

aValues are the means7s.e.m. (n¼ 5).

Figure 4 Concentration–response curves to 5-HT in the rat
jejunum (n¼ 5) in the absence and presence of ondansetron
(0.1 mM). All experiments routinely contained methysergide (1 mM)
and GR125487 (0.1 mM). Each point represents the mean7s.e.m.

Table 2 Rank order of potencies of 5-HT3 receptor agonists in the rat and mouse intestinal tract in the presence of
methysergide (1 mM) and GR125487 (0.1 mM)

Region Rat Mouse

Jejunum m-CPBX5-HTX2m5-HTX1-PBG m-CPBX5-HTX2m5-HTX1-PBG
Ileum m-CPB45-HTX1-PBGX2m5-HT m-CPB45-HTX2m5-HTX1-PBG
Proximal colon m-CPBX1-PBGX2m5-HTX5-HT m-CPB45-HT42m5-HT41-PBG
Distal colon m-CPB45-HT41-PBGX2m5-HT m-CPBX5-HT42m5-HTX1-PBG
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signal transduction system for ACh or a nonspecific mechan-

ical property that limits the maximum contraction of muscle

preparations in the two species investigated. This is an

interesting physiological observation that warrants further

investigation.

The biphasic curve to 5-HT in the jejunum was reduced by

methysergide and also GR125487, but the curve was further

reduced and converted to a monophasic curve when the

antagonists were present together. The pEC50 (5.95) of this

curve was similar to the second phase in the absence of the

antagonists (5.8) and was in close agreement with our previous

estimate of 6.1 (McLean & Coupar, 1996).

5-HT produced a monophasic curve in the ileum, which was

moved to the right by the combined antagonists giving a pEC50

of 5.36. Although methysergide alone inhibited responses to

5-HT, GR125487 alone caused a significant potentiation. This

result supports the finding of Tuladhar et al. (1996), who

reported that 5-HT relaxed the rat terminal ileum in the

presence of methysergide and atropine and that the response

was blocked by 5-HT4 receptor antagonists such as GR113808.

The residual concentration–effect curves to 5-HT in the

combined presence of methysergide and GR125487 were

confirmed to be due to 5-HT3 receptors, because ondansetron

caused rightward and parallel displacements in all regions from

the rat and mouse. The apparent pKB values ranged from

6.88 (mouse ileum) to 7.45 (rat jejunum), but none of the

values were significantly different from each other. Although

consistent, the apparent pKB values are relatively low compared

to literature values from the rat and mouse, but similar to

guinea-pig values (Hoyer et al., 1994; Tuladhar et al., 2000).

Receptor characterisation invariably relies on establishing

agonist activity profiles. We selected 2m5-HT and m-CPB

for study, because they are well-established 5-HT3-selective

receptor agonists (Alexander et al., 2004) and 1-PBG has

agonist activity in some 5-HT3 receptor preparations (Hoyer

et al., 1994). The absolute potency values can be useful in

helping to define receptor subclasses. In the case of 5-HT3

receptors, the potencies of 2m5-HT and m-CPB are similar,

with pEC50 values in the range of 5.3–5.5 and 5.4–5.7,

respectively (Alexander et al., 2004). The potency values of

these agonists were shown to fall close to these limits in the

regions of the mouse intestine (Table 3). However, the pEC50

values obtained from all regions of the rat intestine were

higher. This difference in potencies between the species is not

surprising, as similar species differences have been evident for

several years. For example, 1-PBG, m-CPB, 2m5-HT and

5-HT were all found to have higher binding affinities in the rat

ileum than in the rabbit ileum (Kilpatrick et al., 1991).

Another useful criterion for receptor characterisation is rank

order of potency, which has been established as: m-CPB45-

HT42m5-HTX1-PBG (Hoyer et al., 1994) for the 5-HT3

receptor. The similar potencies of these agonists tends to limit

the usefulness of potency order. Nevertheless, the rank order

of potency of the agonists in the four regions of the mouse

Table 3 pEC50 and Emax values of 5-HT3 receptor agonists in the rat and mouse intestinal tract in the presence of
methysergide (1 mM) and GR125487 (0.1 mM)

Rat regions mCPB a 5-HT 2m5-HT 1-PBG

Jejunum
pEC50 7.4270.25 6.8670.28 6.4870.54 6.0870.31
Emax 20.0771.52 24.571.9 24.377.78 38.2979.03

Ileum
pEC50 7.0770.17 6.4770.39 6.0770.68 6.2870.42
Emax 16.171.05 14.071.1 12.3574.94 18.174.37

Proximal colon
pEC50 7.4770.27 6.9970.08 7.2770.22 7.3370.23
Emax 36.7973.42 41.5771.85 29.1972.63 33.0172.79

Distal colon
pEC50 7.4570.37 6.8570.05 5.8670.40 6.4670.23
Emax 25.7372.24 36.3870.99 35.3577.91 35.0574.59

Mouse regions
Jejunum
pEC50 6.2970.32 6.1670.07 5.9870.15 5.6770.19
Emax 44.072.12 43.8671.96 54.7473.93 58.4279.81

Ileum
pEC50 6.1970.07 5.9470.08 5.6970.19 5.6770.17
Emax 49.1672.25 56.6472.94 52.7679.79 51.3077.35

Proximal colon
pEC50 6.3470.10 6.0570.07 5.5770.17 5.3470.06
Emax 21.3572.06 44.9472.25 22.6473.07 38.9473.43

Distal colon
pEC50 6.4970.14 6.2270.16 5.9370.09 5.8770.10
Emax 43.4673.61 39.5573.01 29.3172.57 46.173.85

aData are presented as mean7s.e.m. (n¼ 10). pEC50 values are expressed relative to individual maxima and Emax relative to 1 mM ACh
(100%).
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intestine were found to be the same and identical to the

accepted order. Until our study, the only other characterisa-

tion of the 5-HT3 receptor in the mouse intestine was by

Tuladhar et al. (2000). They showed the rank order of

potencies, with pEC50 values in parenthesis, in the mouse

ileum was: m-CPB (5.81)45-HT (5.47)41-PBG (5.05)X2m5-

HT (5.00) in the presence of methysergide. This order is

concurrent with our order for the mouse ileum (Table 2). The

pEC50 values are also in reasonable agreement. In addition,

our results from the rat intestine showed the expected order in

the jejunum, but minor differences, which were statistically

nonsignificant, occurred in the other three regions.

5-HT3-preferring agents have previously been shown to be

partial agonists. This is confirmed in the present study by the

wide range of efficacy (Emax) values, where there was variation

in efficacy according to region and between the same region of

the two species. These variations are not due to the differences

in the abilities of the regions to contract, because the reference

contracting agent, ACh, produced the same maximal response

within each species. In general, 5-HT and 1-PBG showed the

highest efficacies. However, responses to 5-HT itself were

small in the rat jejunum and ileum compared to these regions

in the mouse.

A factor responsible for the variation in 5-HT3-induced

responses may be the presence of long and short splice variants

and/or the combination of different 5-HT3 subunits. There is

mounting evidence that these molecular properties do influ-

ence operational properties. For instance, the efficacy of 2m

5-HT appeared to be greater at the 5-HT3A�L receptor splice

variant, whereas the efficacy of m-CPB was greater at the

5-HT3A�S receptor variant (Niemeyer & Lummis, 1998). This

was attributed to conformational differences of the receptor

protein structure between the different splice variants. We

found the shorter splice variant was expressed in all regions in

both species, whereas the 5-HT3A�L variant was expressed at

lower levels and only consistently evident in the rat.

Figure 5 Concentration–response curves to 5-HT in the rat and
mouse (a) jejunum and ileum (n¼ 10) and (b) in the proximal and
distal colon (n¼ 10). All experiments routinely contained methy-
sergide (1 mM) and GR125487 (0.1 mM). Each point represents the
mean7s.e.m.

Figure 6 Concentration–response curves to 5-HT in the absence
(control, n¼ 6) and presence of TTX (1 mM; n¼ 3), pargyline (10 mM;
n¼ 6) and fluoxetine (1 mM; n¼ 6) in the rat jejunum. All
experiments routinely contained methysergide (1 mM) and
GR125487 (0.1 mM). Each point represents the mean7s.e.m.

Figure 7 Concentration–response curves to 5-HT in the absence
(control, n¼ 6) or presence of atropine (0.1 mM; n¼ 6), hexametho-
nium (100 mM; n¼ 6) and L-NAME (100 mM; n¼ 5) in the rat
jejunum. All experiments routinely contained methysergide (1 mM)
and GR125487 (0.1mM). Each point represents the mean7s.e.m.
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Another possible reason for the low efficacy of 5-HT in the

rat jejunum and ileum is that uptake and/or inactivation

processes are particularly active in these regions. The series

of experiments using the MAO-I, pargyline, and the SSRI,

fluoxetine, provides some supportive evidence for this sugges-

tion, at least in the rat jejunum. Pargyline increased the

responses to 5-HT over its concentration range including the

Emax value and fluoxetine increased the Emax of 5-HT.

However, pargyline and fluoxetine did not produce either

of these effects in the rat ileum or any other regions of the rat

or mouse intestine revealing another species difference.

Whether it relates to differences in the functional roles of

5-HT (e.g. mixing) in the upper small intestine remains to be

established.

5-HT3 receptors are almost exclusively localised to central

and peripheral nerves. The first function to be identified in the

enteric nervous system was neurogenic contraction in the

guinea-pig ileum (Buchheit et al., 1985). 5-HT3 receptors are

mainly located on cholinergic nerves in the mouse ileum

(Tuladhar et al., 2000), but the receptor is associated with

noncholinergic nerves in the rat jejunum (McLean & Coupar,

1996). However, it has been reported that 5-HT-induced

contraction of the rat proximal colon is resistant to both

atropine and TTX (Gelal & Guven, 1998). Therefore, we

investigated whether cholinergic or noncholinergic nerves are

involved in 5-HT3-induced contractions in regions of the rat

and mouse intestinal tract. The results showed that the

responses to 5-HT in all regions of the rat and mouse intestine

are TTX-sensitive.

The use of atropine revealed surprisingly different choliner-

gic influences on the 5-HT3-induced responses to 5-HT. The

most commonly seen effect of atropine was inhibition (rat and

mouse ileum, mouse jejunum, rat proximal colon), followed by

no significant effect (rat and mouse distal colon, mouse

proximal colon), followed by augmentation of 5-HT3-induced

responses, including an increase in the Emax, in the rat jejunum.

This latter result is particularly interesting, as it suggests the

enteric cholinergic nerves are inhibitory to the excitatory

5-HT3 pathway in the rat jejunum. In further experiments on

the rat jejunum, we showed that L-NAME mimicked the effect

of atropine, suggesting that NO is the inhibitory mACh

receptor mediator. This conclusion is concordant with

previous findings, which have established that nNOS is

distributed in NANC nerve fibres of the rat jejunum myenteric

plexus (Chen et al., 2002) and that their stimulation leads to

relaxation, which is partially sensitive to the NOS inhibitor

L-NOARG (Niioka et al., 1997). Further, the M1 receptor

agonist McN-A-343 has been shown to relax the rat jejunum

and that its effect is abolished by L-NOARG but not

hexamethonium (Olgart & Iversen, 1999). Our study extends

this knowledge of neurotransmission in the rat jejunum by

providing evidence that 5-HT activates inhibitory nitrergic

nerves by stimulating 5-HT3 receptors and that this atropine-

sensitive system is probably confined to the rat jejunum.

As the result with atropine discounted ACh as the excitatory

transmitter in the rat jejunum we investigated whether the

tachykinins might satisfy this role. This possibility was

considered because the rat ileum expresses functional NK1,

NK2 and NK3 receptors in the longitudinal muscle, where their

activation by selective agonists causes tonic and phasic

contractions (Willis et al., 1993). Moreover, the 5-HT3 receptor

agonist, 2m5-HT, releases SP in the guinea-pig ileum (Ramirez

et al., 1994). However, a role for tachykinins in mediating

5-HT3-induced contraction was ruled out on the basis that the

NK1, NK2 and NK3 receptor antagonists, SR140333, SR48968

and SR142801, respectively, did not alter the 5-HT3 compo-

nent of the concentration–response curve to 5-HT.

In this study, the mouse proximal colon was found to

discriminate 5-HT3 receptor agonist profiles better than any

other region in the rat or mouse (Table 2). This was because

contractions, compared to the internal standard, were gen-

erally higher in the mouse than rat. In addition, functional

data on the mouse digestive tract are particularly relevant as

the full genome of the mouse is known and knockout mice are

available. The rat jejunum was also found to have a potential

use for investigating uptake and metabolic inhibitors com-

pared to other regions in the rat and mouse. 5-HT was found

to mediate its effect via 5-HT3 receptors by releasing an

unknown transmitter. Both these points are interesting and

useful for investigating the other transmitters released from

nerves expressing 5-HT3 receptors and they could throw more

light on the 5-HT3 receptor functions and regional effects.
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