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Characterization and localization of atypical JJ-adrenoceptors in
rat ileum

Susan J. Roberts, Fraser D. Russell, Peter Molenaar & 'Roger J. Summers

Department of Pharmacology, University of Melbourne, Parkville, 3052 Victoria, Australia

1 Homogenate binding studies and receptor autoradiography have been used to examine the binding
characteristics and localization of propranolol-resistant (-)-['251]-cyanopindolol (CYP) binding sites in
rat ileum.
2 Saturation studies with (-)-[1251]-CYP and homogenates of rat ileum identified a site with pKD
8.89 + 0.08 and By1 = 50.3 + 4.1 fmol mg-' protein (n = 6). Both fil- and fl2-adrenoceptors (AR) were
not detected in these preparations.
3 (-)-Isoprenaline infusion (400 pg kg-' h-') for 14 days caused no significant change in the density
of (-)-['251]-CYP binding which was 48.9 + 12.8 and 40.6 + 12.3 fmol mg-' protein in control and
isoprenaline-treated animals respectively (n=6) (P=0.97).
4 Competition for (-)-['25I]-CYP binding in the presence of 0.1 gM (-)-propranolol gave affinity
values for CYP, tertatolol, alprenolol, ICI 118551 and CGP 20712A that correspond to known affinities
at atypical P-ARs. Stereoselectivity ratios for tertatolol and alprenolol were low.
5 Autoradiographic localization of propranolol resistant (-)-['251]-CYP binding showed sites
associated with the mucosa and to a lesser extent to the muscularis. A small population of f2-ARs
were detected located predominantly in the longitudinal and circular smooth muscle layers.
6 This study identifies an (-)-[1251]-CYP binding site in rat ileum that is resistant to blockade by
propranolol (0.1 pM), is located predominantly in the mucosa, shows resistance to downregulation by
isoprenaline and has binding characteristics of the atypical fl-AR.

Keywords: f3-Adrenoceptor; atypical f-adrenoceptor; (-)-['25I]-cyanopindolol; regulation; localization; autoradiography; rat
ileum

Introduction

There is evidence from functional studies for atypical fl-adre-
noceptors (f-AR) in gastrointestinal tissues where they med-
iate relaxation. The functional atypical #-AR is found in
guinea-pig ileum (Bond & Clarke, 1988; Blue et al., 1990), rat
gastric fundus (McLauglin & MacDonald, 1991), ileum
(Growcott et al., 1990), jejunum (Van der Vilet et al., 1990),
colon (Croci et al., 1988; McLaughlin & MacDonald, 1990)
and oesophagus (Ford et al., 1992; de Boer et al., 1993).
Atypical fl-ARs in these tissues in some respects resemble the
f3-AR in adipocytes. Common features include: a catechola-
mine-mediated response that is resistant to blockade by con-
centrations of propranolol that effectively block fI and fl2-
ARs; a low affinity of conventional fl-AR antagonists with
alprenolol being one of the more effective competitors of the
response (Blue et al., 1990); and a high potency of atypical P-
AR agonists, particularly BRL 37344 (Bond & Clarke, 1988)
and SR 5861 IA (Croci et al., 1988) compared to isoprenaline.
There is a high functional homology between the P3-ARs
mediating lipolysis in rat adipocytes and atypical P-ARs which
inhibit colonic motility (Landi et al., 1993). Atypical P-ARs
also resemble the cloned fl,3-AR from man (Emorine et al.,
1989), rat (Granneman et al., 1991; Muzzin et al., 1991) and
mouse (Nahmias et al., 1991). mRNA for the fl3-AR has been
detected in human ileum and colon (Granneman et al., 1993),
rat ileum (Granneman et al., 1991) and rat colon (Bensaid et
al., 1993) providing additional evidence for the presence of #3-
ARs in gastrointestinal tissue.

Attempts to detect atypical Pi-ARs with radioligand binding
techniques in rat jejunum (Van der Vliet et al., 1990) and rat
colon (Landi et al., 1992) were unsuccessful. In contrast, re-
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ceptor binding assays for fl3-ARs were performed successfully
in cell lines expressing the native receptor (Feve et al., 1991) or
transfected cells (Muzzin et al., 1991) and have shown that (-)-
['251]JYP and [3H]-CGP12177 have a lower affinity for the #3-
than for either fi- or fl2-ARs. This may explain why many
binding studies performed under conditions developed to study
PI- and fl2-ARs failed to identify the third subtype. Previously
we have optimised conditions for (-)-[125I]-CYP binding to rat
soleus muscle homogenates and characterized a propranolol-
resistant site with properties resembling the atypical #-AR
(Roberts et al., 1993). Similar sites have been characterized in
rat skeletal muscle and brown adipose tissue (Sillence et al.,
1993). The aims of the present study were to use the atypical P-
AR binding assay to examine the binding of (-)-['251]-CYP in
rat small intestine and to localize the areas of binding.

Methods

Membrane preparation

Male Sprague-Dawley rats (250-350 g) were stunned by a
blow to the back of the head and exsanguinated. A 10- 15 cm
segment of the small intestine was removed from the ileocaecal
junction and the intraluminal contents flushed out with ice
cold phosphate buffered saline (PBS) (composition, mM: NaCl
118.4, NaH2PO42H2O 10, KCl 4.7, MgSO47H20 1.2, CaCl2
1.3). The tissue was weighed and homogenized in 20-25 ml ice
cold PBS containing phenylmethylsulphonylfluoride (PMSF)
(10 pM) pH 7.4. Homogenates were filtered through a nylon
filter (210 pm) and centrifuged at 40C for 12 min at 50,000 g in
a Beckman J2-MI centrifuge. The supernatant was discarded
and the pellet resuspended in 20 ml of PBS and centrifuged a
second time. The final pellet was resuspended in 5 volumes of
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PBS and stored on ice until use. Protein was determined by the
method of Lowry et al. (1951) with BSA used as standard.

Implantation of osmotic mini pumps

Male Sprague Dawley rats (280-320 g) were anaesthetized
with pentobarbitone sodium (Nembutal) 25 mg kg-', i.p., the
back of the neck shaved and a local s.c. injection of lignocaine
(2%) made. The skin was cut and a pocket under the skin
formed by blunt dissection to allow implantation of osmotic
mini pumps (Alzet, model 2002) to perfuse 0.5 MI h- 1 of either
(-)-isoprenaline (400 gg kg-' h-1) or vehicle (0.001 N HCl).
The wound was closed with suture clips. After 14 days the
animals were killed by a blow to the back of the head and
exsanguinated; 10 cm (approx) of small intestine was removed
from the ileocaecal junction, frozen in liquid nitrogen and
stored at -80'C for use in receptor binding assays. Homo-
genates were prepared as described above for fresh tissue.

Binding assays

Radioligand binding assays were performed in PBS as pre-
viously described (Roberts et al., 1993). Preliminary experiments
in rat ileum revealed that high concentrations of 5-hydro-
xytryptamine (5-HT) (10 gM and 100 gM) only inhibited specific
(-)-[ 25I]-CYP (500 pM) binding by 12+ 5% and 10 + 3%
(n =3) respectively indicating that (-)-['251]-CYP binding was
not to 5-HT receptors (Hoyer et al., 1985). It was therefore not
necessary to include 5-HT in the radioligand assay buffer.

Kinetics Homogenate (50 gil) was incubated with (_)_[1211]_
CYP (500 pM) and (-)-propranolol (0.1 tIM) at 370C for up to
120 min in association experiments. The dissociation of (-)-
[1251]-CYP was determined after a 60 min incubation at 37°C
for up to 90 min after the addition of ( ± )-alprenolol (500 giM).
Saturation Homogenate (50 1l) was incubated with (-)-
[125I]-CYP (5-1000 pM) in the absence or presence of (±)-
alprenolol (500 uM) to define non-specific binding. In studies
examining fI- and fl2-ARs, homogenate was incubated with
(-)-[1251]-CYP (5-200 pM) in the absence or presence of(-
propranolol (1 gM) to define non-specific binding.

Competition Homogenate (50 Ml) was incubated with (-
[I251]-CYP (500 pM) with or without (-)-propranolol (0.1 pM)
and a range of concentrations of competitor. Non-specific
binding was defined by (± )-alprenolol (500 pM). In experi-
ments using (-)-isoprenaline and (-)-noradrenaline the in-
cubation mixtures contained 0.1 mM ascorbic acid to prevent
catecholamine oxidation.

All tubes were prepared in duplicate or triplicate and in-
cubated for 60 min at 37°C. Incubations were terminated by
the addition of 4 ml ice cold PBS followed by rapid vacuum
filtration (Brandel M-30R cell Harvester). Membranes were
washed onto Whatman GF/B filters presoaked in 2% poly-
ethylenimine and washed with 3 x 4 ml buffer. Radioactivity
retained on the filters was measured in a Packard gamma
counter (Model B5424) at an efficiency of 79%.

Analysis All experiments were performed in duplicate or
triplicate with tissues from n animals. All results are ex-
pressed as means+s.e.mean of n. Kinetic experiments were
analysed with KINFIT (Williams & Summers, 1990). Sa-
turation binding data and competition experiments were
analysed using EBDA (McPherson, 1983) to obtain pre-
liminary binding estimates and the non-linear curve fitting
analysis programme PRISM (Intuitive Software for Science)
to obtain finalpKD and nH values. All curves were analysed
for both a one site and two site fit. Significant line shifts for
stereoselectivity were determined with ANCOVA which is
part of the REAP package (Gamma Research Systems,
Knoxfield Australia).

Autoradiography

Sprague-Dawley rats (male or female, 250-350 g) were stun-
ned and exsanguinated, the chest cavity opened and the left
ventricle punctured with a cannula which was inserted into the
aorta. The animal was perfused via the aorta with PBS con-
taining PMSF 10 pM/sucrose 0.32 M (1:1; 40 ml, 370C), and
then lightly fixed by adding 0.05% formaldehyde and 0.05%
glutaraldehyde to the perfusate (20 ml, 37'C). A distal segment
of ileum was removed and the intraluminal contents flushed
out with PBS/sucrose. The tissue was frozen in liquid nitrogen-
cooled isopentane, mounted in O.C.T. Compound and sections
(10 pm) cut with a Reichert-Jung Cryocut 1800 cyrostat and
collected on microscope slides coated with a gelatin (0.5%) and
chromic potassium sulphate (0.05%) solution. Every 10th slide
was stained with haematoxylin and eosin to show tissue mor-
phology. Other sections were incubated at room temperature
(30 min) with guanosine triphosphate (GTP, 0.1 mM) con-
taining ascorbic acid (1 mM) and EDTA (0.1 mM). Slides were
shaken vigorously to remove excess GTP solution and placed
in humidified chambers on a slide warming tray (Ratek In-
struments, Australia). The sections were incubated with (-)-
[1251]-CYP (540 pM) in PBS containing (-)-propranolol
(0.1 pM) to block #,I- and fl2-ARs (60 min, 370C). (±)-Alpre-
nolol (500 pM) was used to determine non-specific binding.
Slides were drained, dipped and then washed (2 x 5 min, 370C)
in PBS to remove unbound radioligand.

The distribution of #I- and #2-ARs was determined using
(-)-[1251]-CYP (43 pM) prepared in PBS containing 5-HT
(10 pM) in the absence or presence of the #2-AR-selective an-
tagonist, ICI 118,551 (70 nM), or the PI-AR-selective antago-
nist, CGP 20712A (100 nM). Non-specific binding was
determined with (-)-propranolol (0.1 pM). These slides were
drained, dipped and then washed (2 x 15 min, 370C) in PBS to
remove unbound radioligand. All slides were dipped in dis-
tilled water (room temperature) and dried under a stream of
medical air. X-ray film was apposed to the sections and ex-
posed for 3 -5 weeks. The X-ray film was developed in Kodak
D19 activator (5 minm 18°C), rinsed in distilled water and fixed
with Kodak Rapid Fixer (5min, 18°C). Haematoxylin and
eosin stained sections were photographed under a Wild
Heebrugg Photomacroscope M400 with Wild MPS45 Photo-
automat control meter attachment and the autoradiographs
printed directly from X-ray film using a Leitz Focomat IC
enlarger. For quantitative autoradiographic analysis the X-ray
film images were illuminated with a Northern Light (Model
B90) light source and viewed with a Minitron (MTV-1801 CB)
camera. The density of propranolol-resistant binding sites in
the muscularis (4-7 sections for each of total and non-specific
binding) was determined with a Microcomputer Imaging De-
vice (MCID, Imaging Research Inc.) system. Regions of the
muscularis were traced using the outlining tool. The density of
binding sites was determined by comparing the grey scale from
the X-ray film with the standard curve produced using 1251
standards prepared in guinea-pig heart paste.

Materials

The materials used were: (-)-[1251]-CYP (Amersham Interna-
tional, Buckinghamshire, U.K.), (±)-ICI 118551 (erythro-DL-
1(7-methylindian-4-yloxy)-3-iso-propylaminobutan-2-ol), ICI
D71 14 ((S)-4-[2-hydroxy-3-phenoxy-propylaminoethoxyl]-N-
(2-methoxyethyl)phenoxyacetamide) (Imperial Chemical In-
dustries, Wilmslow, Cheshire, England); (±)-CGP 20712A (2-
hydroxy-5 (2-( (2-hydroxy-3 (4- ((1-methylo-4-trifluoromethyl)
1H-imidazole-2-yl)-phenoxy)propyl)amino)ethoxy)-benzamide
monomethane sulphonate) (Ciba-Geigy Ag, Basel, Switzer-
land); (-)-tertatolol, (+)-tertatolol (Servier, Paris, France),
(+ )-alprenolol (Professor B. Jarrott, Monash University),
(± )-alprenolol, (-)-alprenolol, (-)-isoprenaline, (-)-norad-
renaline, (-)-propranolol, 5-hydroxytryptamine, phenyl-
methylsuphonyl fluoride, haematoxylin (Sigma Chemical
Company, St. Louis, MO, U.S.A.); SR 58611A (RS-N-(7-

2550



S.J. Roberts et al Atypical P-adrenoceptors in rat ileum

carbethoxymethoxyl 1,2,3,4-tetrahydronaphth-2-yl)-2 hydroxy
2-(3-cholorphenyl)ethanamine) (SANOFI-MIDY S.p.A. Re-
search Centre, Milan, Italy), BRL 37344 (sodium-4-[-2[-2-hy-
droxy-2- (-3 - chloro - phenyl) ethylamino] propyl] phenoxyace-
tate) (Smith Kline Beecham, Great Burgh, Epsom, Surrey,
U.K.), (± )-CGP 12177 hydrochloride ((-)-4-)3-t-butylamino-
2-hydroxypropoxy)benzimidazol-2-one) (Research Biochemi-
cals Inc. Massachusetts, U.S.A.), (±)-CYP (Sandoz, Basel,
Switzerland), guanosine triphosphate (Boehringer Mannheim,
Melbourne, Australia); Rapid Fixer, D19 (Kodak, Melbourne,
Australia); eosin (Medos); O.C.T. Compound (Miles, Elkhart,
IN, U.S.A.). Stock solutions of CGP 20712A and ICI 118,551
were prepared in 10 mM HCl, PMSF in absolute ethanol,
isoprenaline and noradrenaline in 0.1 mM ascorbic acid and
the remaining drugs in distilled water.

Results

Binding characterization

Kinetics Association of (-)-['251]-CYP (500 pM) to the pro-
pranolol (0.1 /IM)-resistant site in rat ileum homogenates
reached equilibrium in 30 min at 370C and remained at this level
for 90 min (Figure 1). Association occurred in a single phase
with an association constant (KI) of 4.38+0.66 x 08min
(n = 6). Dissociation kinetics determined at 37°C showed that
binding was reversible on the addition of (± )-alprenolol
(500 giM) (Figure 1). Dissociation was monophasic with a K1 of
0.19 +0.03 min1- (n=4). The kinetic KD (K- /K1) was 424 pM.

Saturation (-)-[1251]-CYP binding occurred in a concentra-
tion-dependent manner (Figure 2). Specific binding defined by
(±)-alprenolol (500 giM) ranged from 50 - 69%. (-)-[1251]-CYP
bound to a single population of sites with a pKD value of
8.89 + 0.08 (1.29 nM) and Bmax of 50.3 + 4.1 fmol mg- protein
(n= 6).

Competition Competition by (-)-propranolol (non-selective
/-AR antagonist), CGP20712A (selective-pi-AR antagonist) or
ICI 118551 (selective /32-AR antagonist) were monophasic
(Figure 3). The affinity of each compound for the binding site
was much lower than expected for /,3- or /32-ARs (Table 1). It
should be noted that the slope values of these curves were low
particularly for (-)-propranolol (nH 0.63) and ICI 118551 (nH
0.67) indicating that two sites may be present but cannot be
differentiated by computer analysis.

Subsequent competition experiments were performed in the
presence of 0.1 ,IM (-)-propranolol which will block only 3%
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Figure 2 Saturation binding curve of (-)-[1251]-CYP to rat ileal
membrane preparations. Graph shows total binding (0), specific
binding (0) and non-specific binding (0) defined by (±)-alprenolol
(500 jM). PRISM analysis of data showed a single binding site with
pKD 8.89 + 0.08 (Bmax 50.3 + 4.1 fmol mg- 1 protein) (n = 6).

of the propranolol-resistant binding sites while blocking 97%
and 98% of /3- and #2-ARs (Gille et al., 1985). Competition by
(± )-cyanopindolol (CYP) (pKD 6.02) revealed an affinity lower
than that of (-)-[1251]-CYP (pKD 8.89). The stereoisomers of
alprenolol and tertatolol show small but significant differences
between the isomeric forms (P<0.05). In each case the (-)-
isomer was more potent than (+ )-isomer with stereoselectivity
indices of 3.0 fold for alprenolol and 1.2 fold for tertatolol. The
rank order of affinities was (-)-tertatolol (5.89)>(+)-terta-
tolol (5.80)> (-)-alprenolol (5.38)> (+ )-alprenolol (4.91)
(Table 1). The pKD values for atypical /3-AR agonists were
determined from single site competition binding analysis and
the rank order of affinity was ICI D7114 (4.44)>SR 5861 1A
(4.09)>(+)-CGP 12177A (3.94)>BRL 37344 (3.64) as were
affinities of catecholamines isoprenaline (4.56) > noradrenaline
(< 3) (Table 1). Competition curves for CGP 12177A and (-)-
isoprenaline both showed low slope values of 0.53 and 0.41
respectively and biphasic competition curves were significantly
better fits than monophasic curves (P< 0.05). High (pKDI) and
low (pKD2) affinity components for biphasic competition ana-
lysis were pKDI 5.70+0.53 and pKD2 3.67 ±0.16 (CGP 12177A)
and pKD1 5.29 +0.21 and pKD2 2.68 ±0.46 ((-)-isoprenaline).

The values obtained in this study were compared to those
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Figure 1 Association and dissociation of (-)-[125fl-CYP propranolol-resistant binding sites in rat ileal membranes at 37'C. (a)
Shows the rapid association of (-)-[1251]-CYP while (b) shows the dissociation at various time points after the addition of 500 pM
alprenolol to membranes incubated with 500pM (- )-[1251]-CYP for 60min. Points show mean+s.e.mean (n=5).
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Figure 3 Competition for (-)-['25I]-CYP binding (500pM) by (a) (-)-propranolol and (b) ICI 118551 (0) and CGP 20712A (0)
in rat ileal membranes. Incubations were for 1 h at 370C and nonspecific binding was defined by (±)-alprenolol (500 gM). pKD and
nH values are shown in Table 1. Points show mean+s.e.mean (n=4-6).

Table 1 Affinity (pKD) and Hill coefficient (nH) values of
compounds competing for (-)-[1251]-CYP binding in rat
ileum

Competitor

Absence of propranolol
(-)-Propranolol
(±)-ICI 118551
(+ )-CGP 20712A
(_)_[125flCyp

Presence of 0.1 gM propranolol
(+ )-Cyanopindolol
(-)-Tertatolol
(+ )-Tertatolol
(-)-Alprenolol
(+ )-Alprenolol
SR 58611A
ICI D7114
BRL 37344
CGP 12177A

(-)-Isoprenaline

(-)-Noradrenaline
Atropine

ND, Non linear regression
determine these values

pKD nH±
n s.e.mean s.e.mean

6 5.04±0.08
4 4.90+0.07
4 4.65±0.11
6 8.89±0.08

4 6.02±0.09
6 5.89 0.05
6 5.80+0.07
5 5.38 0.07
5 4.91 +0.09
5 4.09±0.07
4 4.44±0.13
4 3.31 ±0.18
5 5.70+0.53

3.67 ±0.16
4 5.29+0.21

2.68 +0.46
4 <3.0
4 <3.0

0.63 ±0.09
0.67 +0.09
1.08 ± 0.27
0.96±0.01

0.81 ±0.14
0.86 ±0.09
0.91 ±0.15
0.88 ±0.16
0.60±0.09
1.30±0.23
0.89±0.30
1.40±0.55
0.53 ± 0.17

0.41 ±0.04

ND
ND

analysis was not able to
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Figure 4 Correlation plot of pKD values from binding studies in rat
ileum (this study) with affinities of the same compounds used as

antagonists in functional studies. The regression line has a correlation
coefficient of r=0.83, P=0.0015 and a slope (1.20) not significantly
different from one (95% confidence limits, (CL) = 0.60- 1.80) (n= 11).
Key: la, CGP 20712A; 2b, 3a ICI 118551; 4c, 5b propranolol; 6d, 7C

alprenolol; 8c tertatolol; 9', 1d, i1c cyanopindolol. ade Boer et al.
(1993); bVan der Vliet et al. (1990); cFord et al. (1992); dBlue et al.
(1990); eMcLaughlin & McDonald (1991); fMcLaughlin & McDonald
(1990).

obtained for the same compounds used in functional studies in
a variety of gastrointestinal tissues and show a high degree of
similarity (r=0.83, P=0.0015, n= 11) (Figure 4). We also
compared the affinities of several compounds from the present
study with those obtained in binding studies at the cloned rat
#3-AR expressed in CHO cells (Muzzin et al., 1991; Liggett,
1992). A correlation with r=0.71 (P=0.048, n=8) was found
when comparing the affinities for ICI 118551, propranolol,
alprenolol, noradrenaline and the high affinity binding values
for (-)-isoprenaline and CGP 12177A. The regression line for
this analysis is shown in Figure 5. However when points re-
presenting the atypical f-AR agonist BRL 37344 and the low
affinity values for CGP 12177 and (-)-isoprenaline were in-
cluded the correlation using linear regression was no longer
significant (r=0.26, P=0.38) (Figure 5).

Regulation

Using binding conditions designed for typical P-ARs, #/- and
f32-ARs were not detected in saturation binding experiments in
either vehicle- or isoprenaline-treated animals. Atypical fl-AR

binding did not change significantly with isoprenaline treat-
ment (400 Mg kg-I h'- for 14 days). Binding parameters were

pKD 8.78+0.11 and By 48.9+ 12.8 fmol mg-' protein in
control and pKD 8.81 + 0.12 and Bu,,, 40.6+ 12.3 fmol mg'
protein in isoprenaline treated animals (n = 6) (P= 0.97).

Autoradiographic localization of propranolol-resistant
binding sites and I,- and #2-ARs in rat ileum

Haematoxylin and eosin stained sections were used to identify
various anatomical structures in the rat ileum (Figure 6a). The
mucosa contains a muscularis mucosa which forms a border
between villi at the luminal surface and plica circulares. The
submucosa lies adjacent to the muscularis, is highly vascu-
larised and extends upwards to form the plica circulares. The
muscularis consists of an outer longitudinal and an inner cir-
cular muscle layer.
A differential distribution of propranolol-resistant binding

sites and typical fl-ARs was observed in the rat ileum. A high
density of propranolol-resistant (-)-[1251I]-CYP binding was
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Figure 5 Correlation plot for pKD values of compounds competing
for (-)-[1251]-CYP binding in rat ileum and affinities of the same

compounds in competition with (-)-['25I]-CYP binding at the cloned
f3-AR in cell systems. (Liggett, 1992 (open symbols); Muzzin et al.,
1991 (filled symbols)). The regression line is shown for compounds
represented by circles only (correlation coefficient 0.71, P= 0.048,
n = 8). The points shown as triangles represent the low affinity
binding sites for CGP 12177A and (-)-isoprenaline and also the
single binding affinity for BRL 37344. When these points were
included in the analysis a significant linear regression could not be
obtained. Key: 1 (-)-noradrenaline, 2 (-)-isoprenaline, 3 ICI
118551, 4 propranolol, 5 alprenolol, 6 CGP 12177A, 7 BRL 37344.

associated with most luminal portions of the mucosa and was
inhibited by (±)-alprenolol (500 Mm). Binding to the muscu-
laris and to discrete regions at the base of the mucosa was
resistant to blockade by a combination of (-)-propranolol
(0.1 Mm) and (± )-alprenolol (500 gM) in the labelling medium.
Propranolol resistant binding in the muscularis (155.4+3.8
d.p.m. mm-2) was significantly higher than non-specific
binding (143 + 5.5 d.p.m. mm-2, n = 5, P= 0.014; paired t test),
indicating that a low density of propranolol-resistant binding
sites are located in the muscularis of the rat ileum.

Typical ,B-ARs were evenly distributed in the longitudinal
and circular muscle layers (Figure 6). Labelling was inhibited
by the fl2-AR selective antagonist, ICI 118,551 (70 mM), but
not by the fPl-AR-selective antagonist, CGP 20712A (100 nM),
indicating that f2-ARs are located in the muscularis of the rat
ileum. Non-specific binding, determined in the presence of
(-)-propranolol (0.1 Mm), was low.

Discussion

In the present study, receptor binding assays with high con-
centrations of (-)-[1251]-CYP (500 pM) showed a low affinity
site in rat small intestine membrane preparations that was not
blocked by 5-HT (10 gM) or (-)-propranolol (0.1 gM). (-)-
['251]-CYP bound to this site rapidly, reaching equilibrium in
approximately 20 min. Dissociation after 60 min incubation
was also rapid with complete dissociation after 20 min. These
kinetics differ markedly from those of f,- and fl2-ARs from
which (- )-['251]-CYP associates and dissociates at a slower
rate (Molenaar et al., 1987). The more rapid dissociation of
ligand from the site was also reflected in the shorter wash
periods used in the autoradiography experiments (2 x 5 min cf.
2 x 15 min at 37°C for PI, P2-ARs) (Molenaar et al., 1987).

Saturation studies revealed a single site for (-)_[1211]_Cyp
binding to rat ileal membranes and the results clearly showed
that the affinity of (-)-['25I]-CYP was significantly lower than
expected at PI and f2-ARs (24 pM and 12 pM respectively,
Neve et al., 1986). The estimated affinity of (-)-[1251]-CYP in
this study (1.29 nM) correlates closely to the KD values quoted
for this ligand at cloned fl3-ARs in mouse (880 pM) (Nahmias

et al., 1991) and man (500 pM) (Emorine et al., 1989) and the
f33-AR in 3T3F442A adipocytes (1.9 nM) (Feve et al., 1991),
(500 pM) (Thomas et al., 1992). Ideally the concentration-
range of (-)-[1251]-CYP in saturation studies would span 10-
times the KD value, however the present assay conditions were
designed to examine both typical and atypical fl-ARs and the
concentration-range was chosen to identify both sites using a
limited amount of radioligand. Other constraints involved in
using high concentrations of (-)-[1251]-CYP include the high
proportion of non-specific binding that occurred as con-
centrations approached 1 nM and the associated problems of
high radioactivity retained on other components of the binding
system such as the tubing which increased the variability be-
tween filtered groups with increased ligand concentrations.

Competition by (-)-propranolol, the selective #,-AR an-
tagonist, CGP 20712A and the selective P2-AR antagonist,
ICI 118551 in homogenates failed to reveal a population of #I-
and fl2-ARs in these preparations. PI- and fl2-ARs were also
not detected in control tissues using binding conditions that
were optimal for typical P-ARs. This would indicate that al-
though typical ,i- and fl2-ARs are present in the muscle layers
as shown by autoradiography they form only a minor com-
ponent of the total tissue binding.

Competition studies performed in the presence of 0.1 gM
(-)-propranolol showed that fl-AR antagonists with affinity
for atypical fl-ARs competed for binding with affinities com-
parable to those displayed in functional studies. A high cor-
relation is seen between the affinities of compounds such as
CGP 20712A, ICI 118551, propranolol, alprenolol, tertatolol
and cyanopindolol in functional studies in gastrointestinal
tissues and their affinities at the binding site identified in the
current study (Figure 4).

The stereoisomers of alprenolol and tertatolol displayed low
stereoselectivity for the binding site compared to stereo-
selectivity shown at #,- and #2-ARs (Harms et al., 1977). It has
been this relative lack of stereoselectivity that has led other
workers to ignore possible atypical #-AR binding sites and label
it as non-specific binding (Van der Vliet et al., 1990; Landi et al.,
1992). Yet low stereoselectivity by antagonists is a distinguishing
feature of the atypical f-AR. Studies of lipolysis in rat adipo-
cytes observed that stereoselectivity indices for isomers of pro-
pranolol and alprenolol were lower in adipocytes compared to
rat atria (Harms et al., 1977). Low stereoselectivity was also
observed for isomers of alprenolol competing for (- )_[1251]_
CYP binding in rat skeletal muscle (Molenaar et al., 1991; Ro-
berts et al., 1993; Sillence et al., 1993) and brown adipose tissue
membranes (Sillence et al., 1993). It is interesting to note that
much higher stereoselectivity has been observed in agonists in
functional studies at atypical fl-ARs, particularly the isomers of
isoprenaline which display 25 fold separation in rat small in-
testine (Van der Vliet et al., 1990) and 31 fold separation at the
human fl3-AR (Emorine et al., 1989).

Compounds previously classified as agonists or antagonists
at PI- and fl2-ARs have different profiles of activity at the fl3-
AR. Compounds such as (±)-cyanopindolol and CGP 12177
are described as antagonists at fI- and fl2-ARs but as partial
agonists at some atypical P-ARs while CGP 12177 is a full
agonist at the human cloned #3-AR when the receptor is ex-
pressed at high levels in cells (Granneman et al., 1993). Both
(±)-cyanopindolol and CGP 12177 showed affinities at the
propranolol-resistant binding site in rat ileum that were similar
to their known affinities at the #3-AR. The biphasic nature of
the CGP 12177A competition curve indicates that this com-
pound may recognise different affinity states of the receptor.

Selective atypical f-AR agonists such as ICI D7114, SR
58611A and BRL 37344 competed with low affinity for pro-
pranolol-resistant (- )-[_25I]-CYP binding. The rank order of
affinity of these compounds in rat ileum (ICI D7114>SR
58611A>BRL 37344) differed slightly from that at a similar
propranolol-resistant (-)-['25I]-CYP binding site in rat soleus
muscle preparations (SR58611A>ICI D7114>BRL 37344)
(Roberts et al., 1993). Variations of responses to the selective
atypical f-AR compounds have been observed in gastro-
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Figure 6 Localization of atypical fl-AR binding in rat ileum. Photomicrographs show haematoxylin and eosin stained sections of
rat ileum (a), and corresponding autoradiographs showing total (b) and non-specific (c) propranolol-resistant (-)-[1251I-CYP
binding. #,- (d) and P2- (e) AR distribution and corresponding non-specific binding (f). Note the high density of propranolol-
resistant binding in the inner regions of the mucosa with high levels of non-specific binding associated with the muscularis (M) and
discrete regions at the base of the mucosa (arrows). fl2-ARs were located in the circular and longitudinal smooth muscle layers of
the rat ileum. Typical fl-ARs were absent from the mucosa. Scale bar= 1 mm, autoradiography.

intestinal tissues, for example ZD7114 (formerly known as ICI
D7114) is described as an antagonist in rat ileum (Growcott et
al., 1993) but as an agonist in guinea-pig ileum (Growcott et
al., 1991). These differences have been attributed to different
tissues having varying numbers of receptors. The catechola-
mines, (-)-isoprenaline and (-)-noradrenaline, also com-
peted for (-)-['251]-CYP at the ileal binding site with low
affinities which corresponded to their affinities at the cloned /3-
AR in binding studies (Liggett, 1992). In a similar study
comparing ['251]-CYP binding in rat skeletal muscle and adi-
pose tissue it has been proposed that the low affinity of ago-
nists in both tissues could be explained if the radioligand did
not occupy the active agonist site of the receptor under the
chosen binding conditions (Sillence et al., 1993).

The possible existence of two affinity states of the receptor
may contribute to the poor correlation seen between binding
affinities obtained in rat ileum with those at the cloned f3-AR,
particularly for compounds known to be P3-AR agonists
(Muzzin et al., 1991; Liggett, 1992) (Figure 5). Whether the
biphasic competition observed for CGP 12177 and (-)-iso-
prenaline indicated two affinity states of the receptor or com-
petition at two distinct sites was not determined in this study
however we did observe that the high affinity binding values
for these compounds correlated more closely to values ob-
tained at the cloned P3-AR. The tendency to overexpress
cloned receptors increases the apparent affinity of agonists in
binding studies making agonists poor tools for comparing
binding sites between tissue and expression systems. It was
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unfortunate that only a few antagonists were common to these
studies but it was encouraging to note that the affinites of
propranolol, alprenolol and ICI 118551 were similar in the rat
ileum and at the rat cloned fl3-AR. This correlation could
prove to be more valuable when a larger number of common
compounds, preferably antagonists, are available for com-
parison.

Atypical fl-AR binding was localized to the mucosa and
regionally distinct from 42-AR binding found in the long-
itudinal and circular smooth muscle layers. Although atypical
42-AR binding was present in the muscle layers as shown by
densitometric analysis they were predominantly located in the
mucosa. This would also suggest that the atypical fl-AR la-
belled by (-)-['251]-CYP in homogenates resides pre-
dominantly on the mucosa with the smooth muscle providing a
small contribution. The predominance of propranolol-resistant
binding in the mucosa may indicate that this site has a meta-
bolic or secretory role. Studies of gastric acid secretion in rat
stomach (Canfield & Paraskevas, 1992) and of bicarbonate
secretion in rat caecum (Canfield & Abdul-Ghaffar, 1992) have
suggested that atypical fi-ARs play a role in these processes.

Resistance of the atypical binding site to downregulation by
chronic agonist treatment clearly shows this site to be distinct
from typical fl- and f2-ARs. f2-ARs are desensitized by
phosphorylation of serine and threonine residues in the C-
carboxyl terminus by fl-AR kinase (f-ARK) and receptor
uncoupling from the G protein. Based on the lack of phos-
phorylation sites in the carboxy terminus of the ,83-AR it has
been suggested that this receptor may be more resistant to
phosphorylation than fl2-ARs (Emorine et al., 1991). #3-ARs

and mRNA levels in 3T3 F442A cells have been shown to
increase in response to chronic isoprenaline exposure (Thomas
al., 1992). Human f3-ARs expressed in cells are resistant to
desensitization following short term isoprenaline exposure
(Nantel et al., 1993) and with chronic noradrenaline infusion in
hamsters the lipolytic response of adipocytes is not decreased
(Carpene et al., 1993). Acute noradrenaline treatment in rats
however has been shown to reduce greatly #3-AR mRNA in
both white and brown adipose tissue (Granneman & Lahners,
1992). n-Butyric acid, present in the gastrointestinal tract after
ingestion of polysaccharides, has been shown to downregulate
selectively f3-ARs in 3T3 F442A fibroblasts while AI- and f2-
AR levels are increased (Krief et al., 1994). Such regulation
may be important at receptors exposed to the luminal surface
such as the atypical #-AR.

In conclusion, this study characterizes an (-)-[125I]_CYP
binding site in rat ileum that resembles the atypical f-AR de-
scribed in functional studies in a variety of gastrointestinal
tissues. This site clearly differs pharmacologically and in lo-
cation from flI- and f2-ARs, is localized predominantly in the
mucosa of the ileum and is resistant to downregulation by
chronic agonist treatment.
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