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1 The aim of this study was to provide a pharmacological characterization of the Y receptor types
responsible for neuropeptide Y (NPY), peptide YY (PYY) and pancreatic polypeptide (PP) e�ects
upon electrogenic ion transport in isolated human colonic mucosa.

2 Preparations of descending colon were voltage-clamped at 0 mV in Ussing chambers and changes
in short-circuit current (Isc) continuously recorded. Basolateral PYY, NPY, human PP (hPP),
PYY(3 ± 36), [Leu31, Pro34]PYY (Pro34PYY) and [Leu31, Pro34]-NPY (Pro34NPY) all reduced basal Isc
in untreated colon. Of all the Y agonists tested PYY(3 ± 36) responses were most sensitive to
tetrodotoxin (TTX) pretreatment, indicating that Y2-receptors are located on intrinsic neurones as
well as epithelia in this tissue.

3 The EC50 values for Pro34PYY, PYY(3 ± 36) and hPP were 9.7 nM (4.0 ± 23.5), 11.4 nM (7.6 ±
17.0) and 14.5 nM (10.2 ± 20.5) and response curves exhibited similar e�cacies. The novel Y5 agonist
[Ala31, Aib32]-NPY had no e�ect at 100 nM.

4 Y1 receptor antagonists, BIBP3226 and BIBO3304 both increased basal Isc levels per se and
inhibited subsequent PYY and Pro34PYY but not hPP or PYY(3 ± 36) responses. The Y2 antagonist,
BIIE0246 also raised basal Isc levels and attenuated subsequent PYY(3 ± 36) but not Pro34PYY or
hPP responses.

5 We conclude that Y1 and Y2 receptor-mediated inhibitory tone exists in human colon mucosa.
PYY and NPY exert their e�ects via both Y1 and Y2 receptors, but the insensitivity of hPP
responses to either Y1 or Y2 antagonism, or to TTX, indicates that Y4 receptors are involved and
that they are predominantly post-junctional in human colon.
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Abbreviations: BIBO3304 ((R)-N-[[4-(Aminocarbonylaminomethyl)phenyl)methyl]-N2-(diphenylacetyl)-argininamide-tri¯uoroa-
cetate; BIBP3226; (N2-(diphenylacetyl)-N-[(4-hydroxy-phenyl)methyl]-D-arginine amide) and BIIE0246, ((S)-N2-
[[1 -[2-[4-[(R,S)-5,11-Dihydro-6(6H)-oxodibenz[b,e]azepin-11-yl]- 1-piperazinyl]- 2-oxoethyl]cyclopentyl]acetyl] -N-
[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-diphenyl-3H-1,2,4-triazol-4-yl]ethyl]-argininamide); hPP, human pancreatic
polypeptide; KH, Krebs-Henseleit; NPY, neuropeptide Y; Pro34NPY, porcine [Leu31, Pro34]NPY; Pro34PYY,
human [Leu31, Pro34]PYY; PYY, peptide YY; SRIF, somatostatin 14-28; TTX, tetrodotoxin; UK14,304, 5-
bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine.

Introduction

Peptide YY (PYY), neuropeptide Y (NPY) and pancreatic
polypeptide (PP) constitute a group of structurally related 36
amino acid long peptides, known collectively as the pancreatic

polypeptides (Larhammar, 1996). NPY is a neurotransmitter
in the periphery, including the enteric nervous system where it
is extensively expressed in myenteric and submucous

neurones, along the length of the intestine (Ekblad et al.,
1987, 1988) in most mammalian species investigated to date.
PYY in contrast is an endocrine peptide found predominantly

in the lower bowel (BoÈ ttcher et al., 1984) while PP was
initially located in pancreatic acini (Larsson et al., 1975) and
subsequently found in discrete gastrointestinal endocrine cells
in certain species (Sundler et al., 1993). The presence of these

three peptides in di�erent intestinal cell types stimulated a
plethora of studies (for review see Cox, 1998) however, few
investigations have been performed either with human tissue

discarded at the time of bowel resection or in human subjects
(Playford et al.,1990; Holzer-Petsche et al., 1991). In healthy
volunteers, i.v. PYY prolonged small bowel transit time and

attenuated ileal ¯uid hypersecretion pre-stimulated by
vasoactive intestinal polypeptide (VIP, Playford et al., 1990)
and a similar anti-secretory e�ect was observed following i.v.

NPY after stimulation with prostaglandin E2 (Holzer-Petsche
et al., 1991).
Since the publication of these two human studies four new

types of NPY receptor (designated Y receptors) have been
characterized (for review see, Michel et al., 1998). Of the six
di�erent Y receptor types known to exist, three are most
frequently identi®ed in the mammalian intestine i.e. the Y1,

Y2 and Y4 receptors. Y1 receptor mRNA has been shown by
in situ hybridization to be located in the mucosa, basal glands
and in submucous and myenteric ganglia of the human colon

(Wharton et al., 1993). Improved cellular resolution using a
Y1 speci®c antibody has shown immunoreactivity (IR) within
intrinsic ganglia, varicose ®bres in the muscularis mucosa and
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notably, within scattered cells in the mucosa and basal glands
of human sigmoid colon (Peaire et al., 1997). In Henle's
plexus co-localization of NPY and Y1-IR was observed, a

combination also seen in rat intestine submucous ganglia
(Jackerott & Larsson, 1997) but mismatches were more
frequent, prompting Peaire et al. (1997) to suggest that other
Y receptors are probably present in human colon. Indeed

Northern analyses show low levels of Y2 receptor mRNA
(Gehlert et al., 1996) in the human small intestine and Y4

receptor mRNA in human small and large bowel (Lundell et

al., 1995) but their respective cellular localization was not
addressed. Despite its truncation the y6 receptor is also
apparently expressed in human small intestine and colon

(Matsumoto et al., 1996) but the functional signi®cance of
this pseudogene remains unknown.
Functional studies have identi®ed Y receptor heterogeneity

in di�erent intestinal regions from the same species, as well as
between species. We and others have shown Y2 receptors
exclusively bind and mediate PYY/NPY anti-secretory e�ects
in rat jejunum (Servin et al., 1989; Cox & Cuthbert, 1990;

Cox & Krstenansky, 1991; Cox & Tough, 2000) while in rat
colon mucosa a combination of Y1 and Y2 receptors are
responsible (Tough & Cox, 1996; Cox & Tough, 2000). An

RT±PCR study identi®ed multiple Y receptors in rat jejunal
crypt epithelia (Goumain et al., 1998) though Y2 mRNA
predominated and subsequently the full-length Y2 receptor

was cloned from crypts in this region (Goumain et al., 2001).
In addition Y4 and Y5 receptor mRNA were observed in
jejunal crypts, while colonic epithelia co-expressed only Y2

and Y4 receptors. A combination of Y1, Y4 and Y5 receptor
mRNA were however found in `non-epithelial' tissue from rat
colon (Goumain et al., 1998). While the functional
signi®cance of neuronal Y1 and epithelial Y2 receptors is

becoming clear in the rat gastrointestinal tract, that of
mucosal Y4 and Y5 receptors has yet to be identi®ed. It is
noteworthy however, that we recently discovered a unique

Y4-mediated activity stimulated by PP in monolayers of a
human colonic adenocarcinoma cell line (Cox et al., 2001b).
Our aim was therefore to establish the pharmacology of

PYY, NPY (both of which have a�nity for Y1, Y2 and Y5

receptors; Michel et al., 1998) and hPP (which is the preferred
endogenous agonist at Y4 receptors) inhibitory responses in
isolated preparations of human colon mucosa. The selective

blockade of PYY, NPY responses by either Y1 antagonists
(BIBP3226; Wieland et al., 1995 and BIBO3304; Wieland et
al., 1998), or the Y2 receptor antagonist, BIIE0246 (Doods et

al., 1999) provides the ®rst evidence of a functional role for
each of these Y receptors in human colon. Antagonist-
insensitive responses to hPP additionally indicate a Y4-

inhibitory mechanism that could provide a novel therapeutic
target in the future.

Methods

Tissue specimens and their preparation

Specimens of human distal colon were obtained anonymously
from 45 patients undergoing bowel resection for primary

intestinal carcinoma. Pieces of colon obtained fresh at the
time of surgery, were macroscopically normal and were taken
no less than 15 cm from the edge of the tumour.

Circumferential 2 ± 3 cm wide strips of tissue were placed
immediately in fresh Krebs Henseleit (KH) solution with the
following composition (in mM): NaCl 118, KCl 4.7, NaHCO3

25, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, glucose 11.1
(pH 7.4) and were usually su�cient for at least four mucosal
1 cm2 preparations, plus an adjacent piece for routine
histology. Mucosae were prepared by removing the overlying

smooth muscle to leave an intact mucosa with muscularis
mucosae attached (veri®ed by histological examination). The
tissues used in this study were non-pathological, although in

four out of 45 specimens minor in¯ammation of the lamina
propria was observed. This study was approved by the Guy's
and St Thomas' Hospitals Research Ethics Committee and

from April 2001 onwards, tissue was also obtained with the
patients' consent.

Measurement of electrogenic ion transport across human
colonic mucosal preparations

At least four mucosal preparations (obtained from each

colon) were placed in individual Ussing chambers (exposed
area, 0.64 cm2) bathing both sides with 5 ml oxygenated
(95% O2/5% CO2) KH maintained at 378C. Tissues were

voltage-clamped at 0 mV (using a DVC 1000 automatic
voltage clamp, World Precision Instruments, Stevenage,
U.K.) as described in detail previously (Cox et al., 1988),

and the resultant basal short-circuit current (Isc) allowed to
stabilize, normally within 30 ± 45 min. Once a stable Isc was
obtained additions of either peptides, nonpeptide antagonists

(either 1 mM BIBP3226, 300 nM BIBO3304 or 1 mM
BIIE0246, throughout) or tetrodotoxin (TTX, 100 nM
throughout) were made to the basolateral reservoir alone
and the resultant changes in Isc were recorded continuously.

Tissues were not paired in this study and the response
means+s.e.mean were calculated from pooled data (con-
verted to mA.cm72) from di�erent specimens. Di�erences

between data groups were determined using unpaired
Student's t-test with a threshold for statistical signi®cance
of P50.05. EC50 values (with 95% con®dence limits) were

calculated from pooled concentration-response relationships
using the curve-®tting programme Graphpad Prism (v. 3.0,
Graphpad Software Inc., California, U.S.A.).

Materials

All peptides were purchased from Bachem UK Ltd (Mersey-

side, U.K.) and aliquots were frozen and stored at 7208C
undergoing a single freeze-thaw cycle only. The peptides used
in this study were the porcine sequences of PYY, NPY,

Pro34NPY, and human PP (hPP), PYY(3 ± 36) and Pro34PYY.
BIBP3226 (N2-(diphenylacetyl)-N-[(4-hydroxy-phenyl)methyl]-
D-argininamide), BIBO3304 ((R)-N-[[4-(Aminocarbonylami-

nomethyl)phenyl)methyl]-N2-(diphenylacetyl)- argininamide-
tri¯uoroacetate, and BIIE0246 ((S)-N2-[[1-[2-[4-[(R,S)-5,11-
Dihydro-6(6H)-oxodibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-ox-
oethyl] cyclopentyl] acetyl]-N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-

diphenyl-3H-1,2,4-triazol-4-yl]ethyl]-argininamide) were gifts
from Boehringer Ingelheim Pharma KG (Biberach an der
Riss, Germany). UK14,304 (5-bromo-N-(4,5-dihydro-1H-

imidazol-2-yl)-6-quinoxalinamine) was from Research Bio-
chemical International (Natick, MA, U.S.A.) and TTX was
purchased from Sigma (Poole, U.K.).
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Results

Descending colon tissue was obtained from 45 patients with

an average age of 65.7+2.0 year (31 men, 14 women) and
provided 178 mucosal preparations in this study. The basal
resistance and Isc values were 103.0+2.8 O cm2 and
67.4+2.7 mA cm72 (n=178) respectively and there were no

signi®cant changes in resistance over the course of the
experimental period (data not shown). Basolateral TTX
(100 nM, Figure 1) reduced basal Isc by 29.1+4.6 mA cm72

(n=47) and the toxin was subsequently used to inhibit
intrinsic neurogenic activity. Single additions of the Y
agonists, PYY (100 nM), hPP (100 nM, Figures 1 and 2)

and NPY to naive tissues, each produced prolonged
reductions in basal Isc. However, the rate of onset and time
to maxima for PYY responses (and NPY, data not shown)

were di�erent to those stimulated by hPP. The pooled time-
courses (Figure 2) show a signi®cantly slower onset of hPP
responses that reached a maximum within 10 min whereas
PYY responses were larger and maximal by 20 min.

Subsequent addition of somatostatin 14 ± 28 (SRIF,

Figure 1 Representative responses to PYY and PP in control and
TTX-pretreated colonic preparations. TTX (100 nM) was added to
the lower of each pair of traces only. The basal Isc values are given to
the left of each record. Note the di�erent mA scales for each pair of
traces and that the tissue area exposed was 0.64 cm2. All additions
were made to the basolateral reservoir and the ®nal concentrations
are as follows: PYY (100 nM) hPP (100 nM) SRIF (100 nM) and the
a2-agonist, UK14,304 (1 mM).

Figure 2 Pooled time-course responses to single additions of
PYY or hPP (both at 100 nM). Peptide additions were made to
the basolateral reservoir of untreated tissues and the inhibition
of basal Isc was recorded as described in the methods. Each
point is the mean+s.e.mean from at least four observations in
each group. Levels of signi®cance are indicated as follows;
*P50.05.

Figure 3 The sidedness of electrogenic responses to (a) Pro34PYY
and (b) hPP. All peptide concentrations were 100 nM and additions
were made cumulatively to either the basolateral (Bl) or apical (Ap)
reservoir as indicated. The Isc was allowed to stabilize before a
second peptide addition was made (between 20 ± 50 min). The
changes in basal Isc were pooled and each bar represents the
mean7s.e.mean from three observations in each group. Signi®cant
di�erences between data groups and respective basolateral controls
were P50.01 throughout.
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100 nM, Figure 1) was not e�ective, while the a2-agonist,
UK14,304 (1 mM) consistently produced further reductions in
Isc (Figure 1, 735.7+1.4 mA cm72 (n=159) that were
partially sensitive to TTX (729.9+2.1 mA cm72, n=47,

P50.05).
Following apical addition of either the Y1-preferred,

Pro34PYY (100 nM) or Y4-preferring hPP (100 nM) there

was no change in basal Isc (Figure 3A,B). Addition of hPP to
the basolateral reservoir subsequent to apical hPP (without
intermediate washout) stimulated reductions in Isc that were

not signi®cantly di�erent from controls (Figure 3A). There
was no further increase in the response size following a
second basolateral addition of hPP (100 nM). This was true

also for duplicate additions of basolateral Pro34PYY (100 nM,
Figure 3B). However basolateral responses to Pro34PYY
(100 nM) were attenuated signi®cantly following apical

pretreatment of this peptide.
Cumulative concentration-response relationships for PYY

(which stimulates, Y1, Y2, Y544Y4 receptors), Pro34PYY

(Y14Y54Y4), PYY(3 ± 36) (Y24Y5) and hPP (Y44Y15Y5

receptors) in the absence and presence of TTX are shown in
Figure 4 and the EC50 values for the latter three peptides are

given in Table 1. The responses to PYY(3 ± 36) (between 1 ±
300 nM) were signi®cantly inhibited by pretreatment with
TTX, indicating a partial neurogenic contribution. Pro34PYY
responses at lower concentrations (i.e. 3 and 10 nM) appeared

to be sensitive to TTX but not signi®cantly so. Neither hPP
nor PYY concentration-response relationships exhibited
TTX-sensitivity. The latter peptide responses also showed

little sign of saturating, due probably to the fact that PYY
can co-stimulate several Y receptors, e.g. Y1, Y2 and Y5

receptors at nM concentrations. It is notable that in naive

tissues Pro34PYY, PYY(3 ± 36) and hPP response curves
exhibited similar maxima. In contrast the recently described

Figure 4 Concentration-response relationships for four Y-agonists; PYY, Pro34PYY, PYY(3 ± 36) and hPP in the presence or
absence of TTX (100 nM). Curves were generated from pooled cumulative responses for each peptide and between 5 ± 9 preparations
from di�erent patients were used in each case. The EC50 values (and con®dence limits) for Pro34PYY, PYY(3 ± 36) and hPP response
curves are quoted in Table 1.

Table 1 The EC50 values (with 95% con®dence limits) for
concentration-response curves to hPP, Pro34PYY and
PYY(3-36) in the presence or absence of TTX (100 nM)

EC50 values (nM)
Peptide Control + TTX

Pro34PYY 9.7 (4.0 ± 23.5) 79.2 (48.2 ± 130.3)
PYY(3-36) 11.4 (7.6 ± 17.0) 19.1 (16.2 ± 22.5)
hPP 14.5 (10.2 ± 20.5) 5.2 (2.3 ± 12.0)

Data was pooled from between ®ve and nine specimens from
di�erent patients and the resultant curves shown in Figure 4
were analysed to give the EC50 values above (with
con®dence limits in parenthesis).
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selective Y5 agonist [Ala31, Aib32]NPY (100 nM, Cabrele et
al., 2000) had no e�ect upon basal Isc (0.0+0.0 mA cm72,
n=4) but subsequent addition of PYY (100 nM) reduced the
current by 77.6+1.3 mA cm72 (n=4). In addition, [D-

Trp32]NPY (which has previously been suggested as a Y5

receptor agonist) also had no signi®cant e�ect upon basal Isc
up to a concentration of 300 nM (data not shown).

In order to de®nitively establish which Y receptors were
responsible for the Y agonist responses, three selective Y
antagonists were investigated; two Y1 antagonists BIBP3226

and BIBO3304, and the novel Y2 antagonist BIIE0246.
Currently there are no Y4 receptor antagonists while selective,
high a�nity Y5 antagonists are not yet commercially available.

Each nonpeptide blocker was applied to the basolateral
reservoir 20 min prior to either Pro34PYY, PYY(3 ± 36), PYYor
hPP. Unexpectedly, all three antagonists stimulated prolonged
increases in basal Isc levels (Figure 5A,B) although there was no

apparent additive e�ect of BIBO3304 and BIIE0246 (Figure
5B). Subsequent to addition of BIBP3226 (1 mM) a signi®cant
inhibition of Pro34PYY and PYY responses (Figure 6A) was

observed. Responses to hPP were una�ected by BIBP3226 (at
10 nM, Figure 6A; and at 110 nM, where control hPP responses
were 713.7+5.9 mA cm72, n=4; and plus BIBP3226,

712.5+4.2 mA cm72, n=5, P=0.9). BIBO3304 (300 nM)
virtually abolished Pro34PYY responses (10 nM), partially

inhibited subsequent PYY (100 nM) responses but the Y1

antagonist had no signi®cant e�ect upon either PYY(3 ± 36) or
hPP responses (Figure 6B). The Y2 antagonist, BIIE0246
(1 mM) only reduced PYY(3 ± 36) responses (by 74%) leaving
subsequent Pro34PYY, PYY and hPP e�ects unchanged (Figure

6C). Following the pretreatment of colonic mucosa with a
combination of BIBO3304 and BIIE0246 (both at 1 mM) PYY
responses were reduced 43% (at 100 nM from controls of

710.8+1.2 mA cm72, n=4 to 76.2+1.6 mA cm72, n=4,
P=0.058). The two antagonists did not however alter
UK14,304 responses either alone or in combination (the latter

controls being731.7+9.4 mA cm72, n=4 and plus BIBO3304
and BIIE0246, 748.5+6.0 mA cm72, n=4; P50.05).

Figure 5 The e�ects of Y1 and Y2 antagonists upon basal Isc levels.
(a) Representative traces of the e�ects of BIBP3226 and BIIE0246
(both at 1 mM) upon untreated colon mucosa. (b) Pooled increases in
Isc and comparison with vehicle controls (0.01% DMSO). Each bar
represents the mean+s.e.mean where the number of observations
shown in parenthesis: *P50.05, **P50.01 and ***P50.001.

Figure 6 The e�ects of Y1-antagonists in (a); BIBP3226 (1 mM) and
(b); BIBO3304 (300 nM), and in (c); the novel Y2-antagonist
BIIE0246 (1 mM) upon selected Y-agonist responses. All values are
the mean7s.e.mean with n numbers shown in parenthesis above
either vehicle control agonist responses (open bars) or those following
antagonist pretreatment (black bars). (a) Responses to Pro34PYY,
hPP and PYY (all 10 nM) were obtained in each case 20 min after
either controls or after BIBP3226. (b) and (c) Agonist additions were
made sequentially at 20 min intervals and ®nal concentrations were
10 nM for Pro34PYY and PYY(3 ± 36) with PYY (100 nM) added last.
Signi®cant selective antagonism was observed as indicated; *P50.05,
**P50.01 and ***P50.001.
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Discussion

The values of resistance and Isc obtained in the present

study for left colon mucosae are comparable with those
published previously for similar muscle-stripped preparations
under voltage-clamp conditions (Keely et al., 1995; Stack et
al., 1996). Basolateral addition of all four native Y agonists,

NPY, PYY, PYY(3 ± 36) and hPP, produced prolonged
reductions in basal Isc with similar e�cacies while the
unrelated peptide, SRIF was not e�ective in any of the

tissues tested. The time-courses of electrogenic responses to
PYY and hPP were subtly di�erent; PYY responses were
more rapid in onset but reached their maximum later than

hPP. The di�erence between these maximal Y agonist
responses may re¯ect di�ering kinetics of peptide ±Y
receptor(s) activation e.g. Pro34PYY may stimulate pre-

and post-junctional Y1 receptors while hPP may activate a
single population of epithelial Y4 receptors. The absence of
electrogenic responses following apical addition of either
Pro34PYY or hPP indicates that basolateral targeting of Y

receptors (probably Y1 and Y4) occurs in human colonic
epithelia. This is true for most, if not all other Y receptor
studies in mucosal preparations to date, including rat

jejunum (Cox et al., 1988), rat descending colon (Tough &
Cox, 1996) as well as polarized layers of human colonic
adenocarcinoma cells (Cox & Tough, 1995; Cox et al.,

2001b). The blunting of basolateral Pro34PYY responses
following apical peptide treatment (but not so for hPP) may
indicate that Pro34PYY is able to pass across the epithelium

to initiate desensitization (though not signi®cant receptor
activation) while hPP is retained in the apical reservoir. In
addition, substrate-speci®c peptidases on apical membranes
may also di�erentially degrade hPP compared with

Pro34PYY.
The sensitivity of human colon mucosa to the four Y

agonists (Figure 4) implicate the presence of three Y receptor

types, i.e. Y1 receptors (stimulated by Pro34PYY and PYY)
Y2 receptors (activated by PYY(3 ± 36) and PYY) and Y4

receptors (which are sensitive to hPP, higher concentrations

of Pro34PYY, but not to PYY). The selective inhibition of
Pro34PYY and PYY following competitive Y1 antagonists,
BIBP3226 or BIBO3304, and the speci®c blockade of
PYY(3 ± 36) responses by BIIE0246 con®rm the involvement

of both Y1 and Y2 receptors in both PYY and its circulating
fragment PYY(3 ± 36) in human colon mucosa. The resistance
of hPP responses to Y1 and Y2 receptor antagonism indicates

the presence of a further Y receptor type, most likely the Y4

receptor in human colon. The inability of the new Y5

selective agonist, [Ala31,Aib32]NPY (Cabrele et al., 2000) to

inhibit basal Isc levels, indicates this receptor type is not
involved in modulating ion transport across human descend-
ing colon mucosa. PP-mediated Y4 responses are rare in

mammalian mucosae, however inhibitory responses to nM
concentrations of hPP have recently been observed in three
human colonic cell lines (Cox & Tough, 1995; Holliday et al.,
1997; Cox et al., 2001b) and mouse descending colon mucosa

pretreated with VIP (Holliday et al., 2000; Cox et al., 2001a).
Subsequently, RT ±PCR analysis has shown constitutive Y4

receptor expression in the human colonic cell lines (Cox et

al., 2001b) but the absence of speci®c Y4 antagonists
precludes any further clari®cation of this receptor type's
functional signi®cance.

It is worth noting at this juncture that an unrelated
mechanism has been suggested to contribute to Y agonist
e�ects in both human and murine intestine. PYY and NPY

are anti-secretory in isolated mouse jejunum but Riviere et al.
(1993) proposed that these e�ects were mediated via
haloperidol-sensitive s sites, a feature also observed in
healthy human volunteers, where PYY attenuated prosta-

glandin E2-induced jejunal secretion with haloperidol sensi-
tivity (Roze et al., 1997). However, our own in vitro
investigations with human and murine colon mucosae do

not support this thesis. We observed that haloperidol
pretreatment (1 mM, for either 20 or 15 min in human or
mouse tissue respectively) had no e�ect per se, no signi®cant

e�ect upon subsequent hPP, PYY or UK14,304 responses,
but it did attenuate dopamine responses signi®cantly (Cox et
al., 1999). Thus we concluded that mucosal responses to Y

agonists and the a2-adrenoceptor agonist UK14,304, did not
involve either dopamine or endogenous activators of putative
s sites.

The prolonged elevations in basal Isc observed following

BIBP3226, BIBO3304 and BIIE0246 implicate a signi®cant
level of Y1- and Y2-mediated inhibitory tone in human colon
mucosae. None of the three antagonists tested previously in

rat (Tough & Cox, 1996; Cox & Tough, 2000; Goumain et al.,
2001) or mouse mucosae (Cox et al., 2001a), or in human
epithelial monolayers (Cox et al., 2001b) have any e�ect upon

basal or stimulated Isc levels. Competitive blockade of Y1 and
Y2 receptors with consequent alleviation of human colonic Y
receptor-mediated inhibitory tone will be clari®ed in future

studies by monitoring the release of NPY (or other candidate
inhibitory enteric neurotransmitters) and PYY (from colonic
endocrine cells) from superfused pieces of human mucosa.
BIIE0246 has recently been shown to inhibit basal and

NPY(13 ± 36)-stimulated NPY release from rat hypothalamic
slices, suggestive of a pre-synaptic role for Y2 receptors in this
tissue (King et al., 2000) and blocks PYY anti-secretory

responses in rat jejunum mucosa (Cox & Tough, 2000;
Goumain et al., 2001) and colon mucosa (Cox & Tough,
2000) proving the presence of Y2 receptors in these intestinal

preparations. Two elegant immunohistochemical studies of
human colon (Peaire et al., 1997; Mannon et al., 1999) have
shown extensive Y1-speci®c IR in myenteric, submucous and
Henle's plexi, in nerve endings in the muscularis mucosae and

throughout the colonic epithelium, often along the basolateral
surface (Mannon et al., 1999). Thus Y1 receptors are located
both pre- and post-junctionally in human colon. The absence

of primary antisera selective for either Y2 or Y4 receptors
currently precludes similar detailed study of the patterns of
these receptors' localizations. Tissue-speci®c di�erences in Y

receptor expression patterns will have functional conse-
quences, as observed for PYY sensitivity, which varies
signi®cantly along the length of the mouse intestine.

Basolateral PYY, Pro34PYY, PYY(3 ± 36) and hPP have no
e�ect upon electrogenic ion transport across mucosal sheets of
murine jejunum and only small inhibitory responses to the
three PYY analogues in duodenum and ascending colon, in

contrast with the pronounced inhibitory e�ects of all four
agonists in mouse descending colon (Cox et al., 2001a).

The attenuation of basal Isc by TTX indicates a signi®cant

spontaneous neuronal excitatory component in human colon
mucosa, in keeping with the observations of Stack et al.
(1996) but in contrast with those of Kuwahara et al. (1989)
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who found no e�ect of the neurotoxin (at 200 nM). In vitro
studies with rodent intestine mucosae have often exhibited
TTX-insensitive NPY and PYY responses (Hubel &

Renquist, 1986; Cox et al., 1988; Strabel & Diener, 1995;
Tough & Cox, 1996). Our observations in this investigation,
that TTX pretreatment signi®cantly attenuated but did not
abolish responses to Y2-preferred, PYY(3 ± 36) implicate a

neurogenic as well as direct epithelial components mediated
by Y2 receptors. In contrast the absence of signi®cant TTX-
sensitivity for Pro34PYY responses, indicates that Y1-

mediated inhibition of ion transport occurs predominately
via post-junctional targets, i.e. epithelial cells. The TTX
insensitivity of hPP responses also discounts neuronal Y4

mediation in human colon mucosa. We conclude therefore
that functionally signi®cant Y1 and Y4 receptors are located
on basolateral epithelial surfaces together with PYY(3 ± 36)-

activated Y2 receptors and that the latter receptor type are
also expressed on intrinsic neurones.
In conclusion, we have established that human descending

colon mucosa expresses three Y receptor types whose

activation will result in inhibition of electrogenic ion
transport. The existence of Y1 and Y2 receptors and their

stimulation to initiate prolonged reductions in basal Isc have
been proven using competitive antagonists, namely
BIBP3226, BIBO3304 and BIIE0246. The Y1 and Y2

antagonist insensitivity of hPP-mediated responses indicates
the presence of a third Y receptor type, most probably the Y4

receptor in human colon mucosa. Mucosal Y4 receptor-
mediated inhibitory ion transport e�ects could indicate a

novel therapeutic target, Y4 selective agonists potentially
acting as antidiarrhoeals while Y4 antagonists might be anti-
constipatory. This is a viable prospect since relatively few

human peripheral tissues appear to express Y4 receptors
(Lundell et al., 1995; Bard et al., 1995) and side-e�ects should
therefore be limited.
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