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Abstract
Purpose Radioligand binding studies show that β1-adreno-
ceptor (β1-AR) density may be reduced in heart disease
without down regulation of β2-ARs. Radioligands are
available for measuring total β-AR density non-invasively
with clinical positron emission tomography (PET) but none
are selective for β1- or β2-ARs. The aim was to evaluate
ICI 89,406, a β1-AR-selective antagonist amenable to
labelling with positron emitters, for PET.
Methods The S-enantiomer of an [O-methyl-11C] derivative
of ICI 89,406 ((S)-[11C]ICI-OMe) was synthesised. Tis-
sue radioactivity after i.v. injection of (S)-[11C]ICI-OMe
(< 2 nmol·kg−1) into adult Wistar rats was assessed by
small animal PET and post mortem dissection. Metabolism
was assessed by HPLC of extracts prepared from plasma
and tissues and by measuring [11C]CO2 in exhaled air.
Results The heart was visualised by PET after injection of
(S)-[11C]ICI-OMe but neither unlabelled (S)-ICI-OMe nor
propranolol (non-selective β-AR antagonist) injected
15 min after (S)-[11C]ICI-OMe affected myocardial radio-
activity. Ex vivo dissection showed that injecting unlabelled
(S)-ICI-OMe, propranolol or CGP 20712A (β1-selective
AR antagonist) at high dose (> 2 μmol·kg−1) before
(S)-[11C]ICI-OMe had a small effect on myocardial radioac-

tivity. HPLC demonstrated that radioactivity in myocardium
was due to unmetabolised (S)-[11C]ICI-OMe although
11C-labelled metabolites rapidly appeared in plasma and
liver and [11C]CO2 was detected in exhaled air.
Conclusion Myocardial uptake of (S)-[11C]ICI-OMe after
i.v. injection was low, possibly due to rapid metabolism in
other tissues. Injection of unlabelled ligand or β-AR
antagonists had little effect indicating that binding was
mainly to non-specific myocardial sites, thus precluding the
use of (S)-[11C]ICI-OMe to assess β1-ARs with PET.
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Introduction

In the normal heart, β-adrenoceptors (β-AR) play the major
role in adrenergic control of myocardial function. Three
β-AR subtypes have been identified in mammals [1, 2].
The β1 and β2 subtypes are responsible for the positive
chronotropic and inotropic effects of the catecholamines
noradrenaline and adrenaline. Both are cell surface recep-
tors that couple to the stimulatory Gs-protein thereby
activating adenylyl cyclase. β2-AR agonists, such as
salbutamol, may activate the inhibitory Gi-protein pathway
which reduces contraction [1, 2]. The β3-ARs may also
have a cardiac depressant effect via the nitric oxide
pathway. There is evidence in mice and rats that β1-AR
can also promote apoptosis of myocytes mediated by
increases in intravellular Ca2+ which stimulate Ca2+-
calmodulin-dependent protein kinase II, whereas β2-AR
coupling to Gi-protein may inhibit apoptosis [1, 2].
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There are two major lines of evidence that suggest that
β-ARs play a major role in heart failure [1–3]. First,
overactivation of sympathetic nerves leads to an increased
spillover of noradrenaline from the heart to the plasma, a
phenomenon which is predictive of cardiac death [1, 3].
Second, cardiac β-AR density is decreased and downstream
mechanisms are altered [1–3]. Although an increase in
adrenergic drive may maintain cardiac output in the early
stages of disease, continued stimulation may be detrimental
and contribute to heart failure. Clinically, β-AR antagonists
were first used in patients with heart failure to reduce the
tachycardia that was considered to be detrimental. Subse-
quent clinical trials of metoprolol, carvedilol and bisoprolol
demonstrated reduced morbidity and mortality and conse-
quently the use of β-AR antagonists is now standard
treatment of heart failure [1, 3].

In many studies there is a preferential downregulation of
β1-AR density [5–8] but decreases in both β1 and β2-AR
density have been reported [5–7, 9]. Although clinically
β-AR antagonists have become established in the manage-
ment of heart failure, it is not clear whether or not there is
an advantage in selectively blocking β1-ARs [1, 3].
Furthermore, there is growing evidence that both β1- and
β2-AR genes have genetic polymorphisms [10]. Although it
seems that these polymorphisms do not play a role as
disease-causing genes they may be risk factors and may
influence disease progression and responses to therapeutic
drugs [10]. A better understanding of the changes in each
β-AR subtype in the various types of cardiac disease may
lead to may lead to therapeutic approaches more taylored to
the individual patient.

Positron emission tomography (PET) with appropriate
radioligands may be used to measure β-AR density non-
invasively in humans or in animal models of human
disease. Radioligands, for example (S)-[11C]CGP 12177
[11–15] and [11C]CGP 12388 [16, 17], are available for
quantifying total β-AR density in a clinical setting but none
is suitable for assessing β1- or β2-subtypes using PET.
Subtype β1-AR selective radioligands have been synthe-
sised for PET, for example (+/−)-[11C]HX-CH 44 [18],
(S)-[11C]bisoprolol [19] or [11C]CGP 20712A [20] and its
S-enantiomer [11C]CGP 26505 [21]. None of these radio-
ligands, however, is appropriate for use in PET because of
high non-specific binding, rapid metabolism or tissue
uptake that does not reflect binding to β1-ARs [18–20].

ICI 89,406 (Fig. 1) is a β1-AR-selective antagonist.
Although membrane binding studies show that the
S-enantiomer is more potent than the R-enantiomer, the
racemate produces effective β1-AR blockade during exer-
cise in patients with angina pectoris [22–24]. Considering
the efficacy and β1-selectivity of the racemate, we chose
this compound as a lead structure for the development of
new β1-AR-selective ligands for single photon emission

computed tomography (SPECT) and PET. To examine the
structure activity relationships (SARs) between potential
ligands and β-ARs, the aromatic substituents and lengths of
the aliphatic chains were modified giving 20 derivatives.
Competition studies using the non-selective AR radioligand
[125I]iodocyanopindolol ([125I]ICYP) and murine myocar-
dial membranes showed that 16 derivatives were selective
for β1-ARs (high affinity inhibition constant Ki1, 0.02–
35 nM; low affinity inhibition constant Ki2, 12–16000 nM;
β1-selectivity Ki1/Ki2, 12–16,000 [25]. Of these, two
iodinated derivatives I-ICI-H [26] and I-ICI-COOH [27]
showed high affinity and selectivity in vitro but neither the
radiolabelled compound [123/125I]I-ICI-H nor [123/125I]I-ICI-
COOH was suitable for in vivo studies due to high non-
specific binding [26] or rapid de-iodination [27].

A third derivative showing high affinity and selectivity
was amenable to labelling with carbon-11. Recently we
described the synthesis and in vitro assessment of both
enantiomers of this compound, namely (R)- and (S)-N-[2-
[3-(2-cyano-phenoxy)-2-hydroxy-propylamino]-ethyl]-N′-
(4-methoxy-phenyl)-urea (Fig. 1) [28]. Membrane studies
showed that both enantiomers exibited high affinity and
selectivity for β1-ARs (Fig. 1). Therefore, each was
labelled with carbon-11 in the O-methyl position to give
(R)-[11C]ICI-OMe and (S)-[11C]ICI-OMe (Fig. 1) [28].

The development of small animal scanners offers the
possibility of preclinical assessment of potential ligands using
fewer animals than are required using ex vivo dissection
techniques. The quadHIDAC small animal PET scanner [29]
has especially good spatial resolution and high sensitivity
[30, 31]. Preliminary studies in mice, using HIDAC
scanning, demonstrated myocardial uptake of radioactivity
after intravenous injection of (S)-[11C]ICI-OMe [32] (Fig. 2).
This uptake, however, was not blocked by pre-dosing with
unlabelled (S)-ICI-OMe (data not shown) or propranolol
(Fig. 2).

For tracer kinetics to hold, the amount of radioligand
used in in vivo scanning must give low receptor occupancy
(e.g. 1%). At such levels competition with endogenous
compounds should not exclude visualisation of the receptor
of interest. Although dedicated small animal scanners
provide high spacial resolution and sesnsitivity, the specific
radioactivity achievable for a given radioligand may
preclude the attainment of such low occupancies [33].
The doses of [11C]ICI-OMe required in mice to give an
amount of radioactivity detectable by in vivo scanning
(Fig. 2) were equivalent to > 20 nmol·(kg mouse body
weight)−1. This dose may be sufficient to saturate myocar-
dial β1-ARs resulting in a non-specific PET signal. This is
exemplified by studies of the non-selective β-AR ligand
(S)-[11C]CGP 12177 in rats. Ex vivo, the dose of (S)-CGP
12177 required to saturate half the β-ARs in the left ventricle
wall was 1.3 nmol·kg−1 and a dose of 15 nmol·kg−1

Eur J Nucl Med Mol Imaging (2008) 35:174–185 175



completely blocked myocardial uptake of radioactivity [34].
In vitro membrane binding studies show that the KD for CGP
12177 is between 0.19 and 0.67 nM for rat myocardium [35–
39], i.e. numerically 2 to 10 times lower than the ex vivo half
saturation dose. If there were a similar relationship between
in vitro Ki and ex vivo half saturation dose for (S)-ICI-OMe
(Ki1 0.07 nM [28]) an ex vivo half saturation dose of
0.14 nmol·kg−1 might be expected, in which case the dose of

20 nmol·kg−1 used for HIDAC scanning of mice would
completely saturate myocardial β-ARs.

It may possible to inject sufficient radioactivity for PET
scanning without saturating myocardial β-ARs in the rat
even if myocardial β-AR receptor density is the same as in
the mouse [33]. β-AR receptor density in the rat, however,
may be higher. There are many reported estimates of Bmax

for rat myocardial membranes, giving values in the range
12–70 fmol/mg protein [34–39]. There are fewer estimates
for mouse but two recent papers give values in the lower
range (11–16 fmol/mg protein) [40, 41].

Another advantage of the rat is that metabolism of
ICI-OMe may be less rapid than in the mouse. A possible
pathway for metabolism of (S)-[11C]ICI-OMe is cleavage of
the molecule by methyl transferases to give [11C]methanol.
Methanol is converted into formaldehyde, principally in the
liver, by alcohol dehydrogenase. Formaldehyde is then
converted by aldehyde dehydrogenase into formate [42]
which is oxidised to carbon dioxide by a folate-dependent
one-carbon pool pathway [43–45].

CH3OH
alcohol DH formaldehyde DH

HCHO HCOOH

tetrahydrofolate

formyltetrahydrofolate synthetase
Formyl-THF

formyltetrahydrofolate DH
CO2

O2

The rate of oxidation is regulated by hepatic con-
centrations of tetrahydrofolate [46]. One study has shown
that the rate of formate oxidation, assayed in liver homo-
genates, is four times higher in mice than in rats (300 v
75 mg·kg−1·h−1) [47].

The present paper describes the evaluation of (S)-[11C]
ICI-OMe in the rat. Myocardial uptake was assessed using
the quadHIDAC scanner and specificity for β-ARs was
tested by injection of unlabelled ICI-OMe or propranolol.
Ex vivo dissection studies, using lower doses of (S)-[11C]
ICI-OMe, were carried out for comparison. If (S)-[11C]ICI-
OMe were to be metabolised by methanol and formate
radioactive carbon dioxide would be detectable. Therefore,
radioactivity in exhaled air was assessed in addition to the
usual HPLC assessment of radiolabelled metabolites in
plasma and tissues.

Methods

Radiochemistry

(S)-ICI-OMe ((S)-[O-methyl-11C]-N-[2-[3-(2-cyano-phenoxy)-
2-hydroxy-propylamino]-ethyl]-N′-(4-methoxy-phenyl)-urea)

Fig. 1 Structure of the β1-adrenoceptor antagonist ICI 89,406 (a) and
its derivative N-[2-[3-(2-cyano-phenoxy)-2-hydroxy-propylamino]-
ethyl]-N′-(4-methoxy-phenyl)-urea (ICI-OMe) (b). The binding char-
acteristics of (R)- and (S)-ICI-OMe to β1- and β2-adrenoceptors were
assessed by competition studies using murine myocardial membranes
and [125I]ICYP [28]. R-isomer: Ki1=0.29±0.03 nM, Ki2=1760±
300 nM, β1-selectivity=6100±1540; S-isomer: Ki1=0.07±0.02 nM,
Ki2=83±33 nM, β1-selectivity=1240±280)

Fig. 2 Uptake of radioactivity after intravenous injection of
(S)-[11C]ICI-OMe into mice, visualised using the quadHIDAC PET
scanner. Male CD1 mice (25–30 g) were anaesthetised by inhalation
(isoflurane 2%, oxygen 0.5 l·min−1) for insertion of catheters into tail
veins and subsequent PET scanning. Two mice were positioned in the
scanner and 30 s after scan start (S)-[11C]ICI-OMe (4 MBq in 100 μl)
was injected into each mouse simultaneously. List mode data were
reconstructed into a 10 min frame (5–15 min scan time) and sub-images of
the hearts made (panels a, c). Injection of [18F]FDG (4 MBq) after the
(S)-[11C]ICI-OMe scan confirmed the position of the heart (panels b, d).
Myocardial uptake, assessed by drawing regions of interest in myocar-
dium identified by the corresponding [18F]FDG scan (8 planes), was
expressed as a percentage of the total radioactivity in a cube drawn round
each mouse and plotted against mid-frame time after injection (graph).
Mouse 1 received (S)-[11C]ICI-OMe alone (panel a, b; •) and mouse 2
propranolol (15 μmol·kg−1) 5 min before (S)-[11C]ICI-OMe (panels c, d;
○). Although the heart was visualised after injecting (S)-[11C]ICI-OMe
(panel a, •), myocardial uptake was not reduced by predosing with
unlabelled (S)-ICI-OMe (panel c, ○)
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was synthesised from its desmethyl precursor, (S)-N-
[2-[3-(2-cyano-phenoxy)-2-hydroxy-propylamino]-ethyl]-
N′-(4-hydroxy-phenyl)-urea by radioalkylation with [11C]
iodomethane. Details of the radiosynthesis are given
elsewhere [28]. Radioactivities of products ranged from
1.2 to 2.7 GBq at the end of synthesis (EOS), the
radiochemical yield being 44.1±5.0% after 41.2±3.4 min
synthesis time (n=14) from the end of radionuclide
production (EOB). As determined by analytical radio-
HPLC, radiochemical purities of 97.4±1.3% and specific
activities of 26.4±9.4 GBq·μmol−1 at EOB were achieved
(n=14).

Pharmaceuticals

Unlabelled (S)-ICI-OMe was prepared as described previ-
ously [28]. It was dissolved in ethanol/saline (1/1, v/v) at
2 μmol·ml−1 for injection into animals.

The non-selective β-AR antagonists propranolol·HCl
and CGP 12177·HCl and the β1-AR selective antagonist
CGP 20712A were purchased from Sigma Aldrich Chemie
GmbH (Germany). These antagonists were dissolved in
saline at concentrations of 100 nmol·ml−1 or 5 μmol·ml−1

for injection.

Animals

Studies were approved by the Federal Animal Rights
Committee and were performed in accordance with institu-
tional guidelines for health and care of experimental
animals.

Male Wistar rats (280–300 g) were anaesthetised by
inhalation (isoflurane 2%, oxygen 0.5 l·min−1) for insertion
of indwelling catheters into the ventral tail artery and one
lateral tail vein. Animals were allowed to recover for 1–2 h
under light restraint (Bollman’s cages) before being re-
anaesthetised for PET scanning. Ex vivo biodistribution
studies were carried out in conscious animals [34].

PET scanning

PET was carried out using a sub-millimeter high resolution
(0.7 mm full width at half maximum) dedicated small
animal scanner (32 module quadHIDAC, Oxford Positron
Systems Ltd., UK) which uses wire-chamber detectors and
offers uniform spatial resolution (< 1 mm) over a large
cylindrical field (165 mm diameter, 280 mm axial length)
[29–31].

Two anaesthetized rats (isoflurane 2%, oxygen 0.5 l·min−1

per rat) were placed on a heating pad to maintain body
temperature during the scan. Animals were positioned on
the scanner and 30 s after the start of data acquisition (S)-
ICI-OMe (8–11 MBq in 200 μl per rat; 1–5 nmol·kg−1) was

injected simultaneously into each rat via the tail vein
catheters. For each scan, one rat was given unlabelled
(S)-ICI-OMe (2 μmol·kg−1) or the non-selective β-AR
blocker propranolol (5 μmol·kg−1) 5 min before or 15 min
after injection of (S)-[11C]ICI-OMe. To confirm the location
of the heart, [18F]2-fluoro-2-deoxy-D-glucose ([18F]FDG)
(8 MBq in 200 μl per rat) was injected via the tail vein
5–10 min after completion of the (S)-[11C]ICI-OMe scan
and data were acquired for 30 min. To improve myocardial
uptake of [18F]FDG, 0.5 mL glucose (20%) was injected
5 min before [18F]FDG.

List-mode data were acquired for 60 min ((S)-[11C]ICI-
OMe) or 30 min ([18F]FDG) and subsequently recon-
structed into an image volume of 160×160×280 mm (voxel
size 0.4×0.4×0.4 mm) in time frames of 1 or 10 min for
(S)-[11C]ICI-OMe and 15 min for [18F]FDG, using an
iterative reconstruction algorithm [48]. PET images were
analysed using in-house software programmes in MATLAB
(The MathWorks Company) and C programming languages
[30, 49].

To assess the total radioactivity in each animal, a cube
encompassing the body, excluding the tail and paws, was
drawn on the reconstructed [18F]FDG image (15–30 min
time frame). The parameters defining this cube were saved
and used to compute the whole body radioactivities for
each time frame of the (S)-[11C]ICI-OMe scan.

The parameters required to create images of each heart
and compute time-activity curves were also defined using
the [18F]FDG scan (15–30 min time frame). The recon-
structed volume was divided into two and each resulting
sub-image was rotated (rat head first in scanner) or flipped
(rat tail first in scanner) so that each rat was visualised as in
clinical practice, i.e. lying on its back, head in scanner.
From the sub-images, coronal images (120×120×120
pixels) encompassing the heart were made. Myocardial
regions of interest (left ventricle wall and septum) were
traced manually on these images. The parameters were
saved and used to create heart images (time frames
5–15 min and 20–30 min) and decay-corrected time-activity
curves (cps·ml−1 vs mid-frame time, for each 1 min-time
frame after injection) for the (S)-[11C]ICI-OMe scan.

Ex vivo biodistribution studies

(S)-[11C]ICI-OMe or unlabelled antagonists were injected as
a bolus (100 nmol·kg−1-5 μmol·g−1, 1 μl·g−1 body weight)
via the tail vein. Aliquots of each (S)-[11C]ICI-OMe injectate
were diluted in ethanol/saline and measured to determine the
radioactivity injected into each rat. Six sequential arterial
blood samples (ca. 100 μL) were taken from some rats. An
aliquot of whole blood was taken and the remainder
centrifuged to separate the plasma. Rats were sacrificed by
intravenous injection of sodium pentobarbitone (Euthatal®)

Eur J Nucl Med Mol Imaging (2008) 35:174–185 177



at 200 mg·(kg body weight)−1 at predetermined times after
injection. Blood was taken by cardiac puncture and tissues
rapidly removed. Tissue samples were blotted dry using filter
paper and transferred to weighed vials for reweighing and
measurement of radioactivity using an automated gamma
counter (Wallac Wizard 3″, Perkin Elmer Life Sciences,
Boston, USA). Radioactivity was expressed as cpm·(g wet
tissue)−1.

In a preliminary experiment, using four rats, there was a
linear relationship between myocardial uptake, expressed as
cpm·(g wet tissue)−1, and injected radioactivity between
doses of 0.4 to 18 MBq·kg−1, equivalent to 0.35 to
1.4 nmol·kg−1. Therefore, to correct for differences in
animal body weight and injected dose, results were
expressed as an uptake index, defined as:

Uptake index ¼ Tissue radioactivity cpmð Þ=Tissue wet weight gð Þ
Radioactivity injected cpmð Þ=Body weight gð Þ

HPLC analysis of radiolabelled metabolites

Radioactive metabolites in plasma, myocardium, liver
and urine were assessed by gradient RP-HPLC. Rats
(250–320 g) were anaesthetised for insertion of catheters into
the ventral tail artery and one lateral tail vein and were allowed
to recover from the anaesthesia for ∼2 h before injection of
60–150 MBq (20–40 nmol·kg−1) (S)-[11C]ICI-OMe via the
tail vein catheters. Up to three blood samples (1 ml) were
collected from the tail artery catheter at 2 to 25 min after
injection of radioligand. Cell free plasma was prepared by
centrifuging each blood sample at 2000 g for 2 min. Ice-cold
acetonitrile (0.7 ml) was added to the plasma (0.5 ml) and
the precipitated proteins were removed by centrifugation. A
sample of the resulting supernatant (200 μl) was spiked with
non-radioactive (S)-ICI-OMe (10 μg) and analysed.

Rats were killed at 2, 5 and 15 min after injection of
(S)-[11C]ICI-OMe and samples of heart (left and right
ventricular walls and septum) and liver were transferred to
3 ml ice-cold acetonitrile. Tissues were minced with scissors,
transferred to a tube and the volume made up to 6 ml before
homogenising using a Polytron rotor homogeniser at half
maximum speed for 2 min. The homogenate was centrifuged
at 2000 g for 5 min. The supernatant was evaporated to
dryness and the residue taken up into 500 μl eluent B (see
below). If cloudy, the resulting solution was centrifuged and
200 μl of the supernatant, spiked with non-radioactive
(S)-ICI-OMe (10 μg), were analysed. Urine samples
(200 μl) were spiked with non-radioactive (S)-ICI-OMe
(10 μg) and injected onto the HPLC system.

The gradient RP-HPLC-chromatograph system com-
prised a Nucleosil 100 C-18 column (5 μ; 250×4.6 mm)

with a corresponding precolumn (20×4.0 mm) eluted at
2 ml/min with a mixture of eluent A (MeCN /H2O/TFA;
950/50/1 by vol.) and eluent B (MeCN/H2O/TFA; 50/950/1
by vol.) according to the programme eluent B from 92% to
50% within 15 min, 10 min halt and then from 50% to 92%
within 5 min. Eluate was monitored for radioactivity and
absorbance at 254 nm.

The percentages of (S)-[11C]ICI-OMe and its radioactive
metabolites were calculated by integration of the HPLC
radiochromatogram after correction for background and
radioactive decay.

Exhaled [11C]CO2

To measure exhaled [11C]CO2, rats were anaesthetised by
intraperitoneal injection of ketamine (90 mg·kg−1)/midazolam
(10 mg·kg−1). A mask was placed over the head and
exhaled air drawn through sodium hydroxide traps (trap
position 1, 8 ml 1 M NaOH in 10 ml vial; trap position 2,
70 ml 1 M NaOH in 100 ml vial) using a vacuum pump.
(S)-[11C]ICI-OMe (10 MBq) was injected via a tail vein
catheter and the trap in position 1 was replaced manually by
a new trap (8 ml 1 M NaOH) using a predetermined time
sequence (5×1 min, 3×5 min, 4×10 min, 3×20 min).
Radioactivity in the 10 ml vials was measured using the
automated gamma counter (Wallac Wizard 3″) during the
course of the study. Radioactivity in each vial was
expressed as a rate given by:

cpm=min %ð Þ¼
100*

Radioactivity in vial cpmð Þ=collection time minð Þ
Radioactivity injected cpmð Þ

Radioactivity in samples taken from the second trap
(100 mL vial) was measured at the end of the measurement
period (60 min) to assess the proportion of exhaled [11C]
CO2 not trapped in the 10 mL vials.

[11C]CO2 in plasma

[11C]CO2 in blood was measured essentially as described by
Gunn et al. [50]. (S)-[11C]ICI-OMe (10 MBq) was injected
via a tail vein catheter into rats and blood samples taken from
a tail artery catheter at predetermined times after injection. At
each time, blood (50 μl) was added to 0.5 M NaOH (200 μl)
and the tube capped (A). Blood (50 μl) was added to
isopropanol (150 μl) to which was added 0.5 M HCl (50 μl).
This solution was sonicated in warm water to release [11C]
CO2 (B). Radioactivity was measured. The percentage of
plasma radioactivity due to [11C]CO2 is given by:

Plasma 11C
� �

CO2 %ð Þ¼100* cpmA � cpmBð Þ=cpmA
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Results

PET scanning of rats

Figure 3 illustrates the biodistribution of radioactivity after
intravenous injection of (S)-[11C]ICI-OMe. Two rats were
placed on their fronts in the quadHIDAC scanner and
(S)-[11C]ICI-OMe was injected simultaneously into each.
The reconstructed images were rotated in the sagittal plane
so that coronal images show the rats lying on their backs,
rat 1 tail in scanner with its heart to the left of the image
and rat 2 head in scanner with its heart to the right. Data for
thirteen planes were summed to show the heart chambers.
The heart can be seen but there was high uptake of
radioactivity in liver, intestine, kidney and bladder (Fig. 3,
panel a). The heart was still visible after the injection of
unlabelled ICI-OMe (Fig. 3, panel b). The position of the
heart was confirmed by the [18F]FDG scan carried out after
completion of the (S)-[11C]ICI-OMe scan (Fig. 3, panel c).

Figure 4 shows coronal images of the thoraces of the rats
shown in Fig. 3. Data for thirteen planes were summed to
give the images shown in panels a to f. Unlabelled
(S)-ICI-OMe injected 15 min after (S)-[11C]ICI-OMe had
no obvious effect on the later images (Fig. 4, panel e).
One minute time frames were reconstucted for the
(S)-[11C]ICI-OMe scan and time-activity curves were com-
puted for regions of interest drawn round the left ventricle wall
and septum (13 planes). Myocardial radioactivity was
detected immediately after injection and reached a maximum

during the first minute. The early phase (< 5 min) of rapid loss
from the left ventricle wall and septumwas followed by a slow
loss of myocardial radioactivity. Injection of unlabelled
(S)-ICI-OMe had no significant effect on this loss. The whole
body cps for the two rats were comparable but showed a
small increase (7%) during the (S)-[11C]ICI-OMe scan,
presumably an artefact of the reconstruction algorithm.

Fig. 3 Distribution of radioactivity in rats after intravenous injection of
(S)-[11C]ICI-OMe visualised by the quadHIDAC scanner. Two rats were
placed in the scanner and (S)-[11C]ICI-OMe (8 MBq per rat in 200 μl,
1 nmol·kg−1) was injected simultaneously into each. 15 min after
(S)-[11C]ICI-OMe, rat 1 received vehicle (200 μl: ethanol/saline, 1/1, v/v)
and rat 2 unlabelled (S)-ICI-OMe (2 μmol·kg−1, 200 μl). Both rats
received [18F]FDG (8 MBq per rat in 200 μl) after the (S)-[11C]ICI-OMe
scan. The images show the rats lying on their backs, rat 1 tail in scanner
with its heart to the left of the image, rat 2 head in scanner with its heart
to the right. Data for thirteen planes were summed to show the heart
chambers. Panel a: 5–15 min after injection of (S)-[11C]ICI-OMe. Panel
b: 20–30 min after (S)-[11C]ICI-OMe, i.e. 5–10 min after vehicle (rat 1)
or unlabelled (S)-ICI-OMe (rat 2). Panel c: 15–30 min after [18F]FDG

Fig. 4 Uptake of radioactivity in the rat heart after intravenous injection
of (S)-[11C]ICI-OMe visualised by the quadHIDAC PET scanner. Two
rats were placed in the scanner (rat 1: panels a–c; rat 2 panels d–e).
(S)-[11C]ICI-OMe (8 MBq per rat in 200 μl, 1 nmol·kg−1) was injected
simultaneously into each and the heart was visualised by summing
thirteen myocardial planes at 5–15 min (panels a, d). 15 min after
(S)-[11C]ICI-OMe, rat 1 received vehicle (200 μl: ethanol/saline, 1/1, v/
v) and rat 2 unlabelled (S)-ICI-OMe (2 μmol·kg−1, 200 μl). Myocardial
images at 20–30 min were comparable (panels b, e). Both rats received
[18F]FDG (8 MBq per rat in 200 μl) after the (S)-[11C]ICI-OMe scan
(panels c, f). Time activity curves were computed (S)-[11C]ICI-OMe
(see text). • vehicle; ○ unlabelled (S)-ICI-OMe

Eur J Nucl Med Mol Imaging (2008) 35:174–185 179



Similar results were obtained when propranolol (10 μmol·
kg−1), which blocks β-AR in vivo in rats (34), was injected
after (S)-[11C]ICI-OMe and predosing rats by injecting
unlabelled (S)-ICI-OMe (2 μmol·kg−1) had no effect on
myocardial uptake of (S)-[11C]ICI-OMe radioactivity (data
not shown).

Ex vivo biodistribution in rat

Figure 5 shows radioactivity in plasma after i.v. injection of
(S)-[11C]ICI-OMe. There was a rapid loss of plasma
radioactivity during the first 5 min after radiotracer
injection, followed by a slow clearance. Predosing animals
by i.v. injection of β-antagonists had no effect on the
clearance of radioactivity.

Figure 6 illustrates uptake of radioactivity in various tissues
as a function of time after injection of (S)-[11C]ICI-OMe
given 5 min after vehicle (ethanol/saline, 1/1, v/v), unlabelled
(S)-ICI-OMe, propranolol or CGP 20712A. In all tissues,
maximum radioactivity was observed at the first dissection
time (1 min). After the initial peaks, radioactivity cleared
more slowly from tissues than from plasma consistent with a
small uptake in extravascular compartments. Predosing with
unlabelled (S)-ICI-OMe, propranolol or CGP 20712 had a
small effect on clearance from myocardium and lung.
Radioactivity was detected in the urine at all times after
injection of tracer (data not shown).

One experiment (6 rats) was carried out to investigate the
effect of predosing with the β1-AR selective antagonist
CGP 20712A compared with that of the non-selective
antagonist CGP 12177. Figure 7 shows the results
combined with data from other predosing studies (Fig. 6,
20 min). A high dose of CGP 20712A (5 μmol·kg−1) had a
small effect on myocardial uptake of (S)-[11C]ICI-OMe radio-

activity whereas lower doses had even less (100 nmol·kg−1)
or no (10 nmol·kg−1) effect. CGP 20712A had little effect on
lung radioactivity. CGP12177 (5 μmol·kg−1), however, had
no effect on (S)-[11C]ICI-OMe radioactivity in myocardium
but reduced that in lung. Propranolol at high dose
(5 μmol·kg−1) had a small effect on both myocardial and
lung radioactivity.

Fig. 5 Clearance of radioactivity from plasma of rats after i.v
injection of (S)-[11C]ICI-OMe. (S)-[11C]ICI-OMe (3–7 MBq·kg−1,
undetectable-2.2 nmol·kg−1) was given 5 min after vehicle (ethanol/
saline, 1/1, v/v) (•), unlabelled (S)-ICI-OMe at 2 μm·kg−1 (○) or
propranolol at 5 μmol·kg−1(Δ). 1–6 serial blood samples were taken
from each rat. Lines are the bi-exponential fit for radioactivity versus
time for vehicle and (S)-[11C]ICI-OMe

Fig. 6 Radioactivity in tissues of rats after i.v injection of
(S)-[11C]ICI-OMe. Each symbol indicates an uptake index for one
rat. (S)-[11C]ICI-OMe (0.5–7 MBq·kg−1, undetectable-2.2 nmol·kg−1)
was given 5 min after vehicle (ethanol/saline, 1/1, v/v) (•), unlabelled
(S)-ICI-OMe at 2 μm·kg−1 (○), propranolol at 5 μmol·kg−1 (Δ) or
CGP 20712A at 5 μmol·kg−1 (▽). The solid lines are fitted to data for
(S)-[11C]ICI-OMe radioactivity after vehicle and the broken lines to
data after unlabelled (S)-ICI-OM, propranolol and CGP 20712A.
Dotted lines show the fit to data for plasma from Fig. 5
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Radioactive metabolites

Figure 8 shows HPLC analysis of tissue samples taken at
5 min after i.v. injection of (S)-[11C]ICI-OMe. Chromato-
grams for plasma and liver demonstrated (S)-[11C]ICI-OMe
(elution time 20–25 min) and polar metabolites. In plasma,
two radioactive peaks were detected near the solvent front
(1.5–2.5 min and 2.9–3.7 min) whereas in liver radioactive
metabolites eluted at 19–20 min. Analysis of both myocar-
dium and urine revealed one major radioactive peak at
20–23 min corresponding to (S)-[11C]ICI-OMe.

Different HPLC profiles were observed for samples
taken at other times after i.v. injection. Both (S)-[11C]ICI-
OMe and polar metabolites were observed in plasma at
2 min after injection but at 15 and 20 min only the more
polar metabolite was seen. In liver at 15 min, there was one

Fig. 8 HPLC traces for samples of plasma, myocardium, liver and
urine taken 5 min after i.v. injection of (S)-[11C]ICI-OMe into a rat
(60 MBq to a 294 g rat, 23 nmol·kg−1). Each sample was spiked with
unlabelled (S)-ICI-OMe to identify its elution time for each individual
analysis. In each panel the upper trace shows radioactivity (cps) and
the lower UV absorbance (mV). (S)-[11C]ICI-OMe (a) and radioactive
metabolites (b, c) were identified in plasma and liver but only
(S)-[11C]ICI-OMe (a) was detected in myocardium and urine

Fig. 7 Biodistribution of radioactivity in tissues of rats 20 min after
i.v injection of (S)-[11C]ICI-OMe (3–7 MBq·kg−1, undectable-
2.2 nmol·kg−1). Bars indicate average values for uptake indices and
standard errors or ranges are shown. (S)-[11C]ICI-OMe was given 5 min
after vehicle (ethanol/saline, 1/1, v/v) (5 rats), propranolol at 5 μmol·kg−1

(2 rats), CGP 12177 at 5 μmol·kg-1 (1 rat) or CGP 20712A at
5 μmol·kg−1 (a, 2 rats), 100 nmol·kg−1 (b, 1 rat) or 10 nmol·kg−1 (c, 1 rat)
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metabolite but no (S)-[11C]ICI-OMe. In heart and urine at
15 min, however, only parent (S)-[11C]ICI-OMe was
detected.

[11C]CO2 in exhaled air and plasma

Radioactivity, presumably due to [11C]CO2, was detected in
exhaled air during the first minute after i.v. injection of
(S)-[11C]ICI-OMe (Fig. 9). Exhaled radioactivity reached a
maximum within 5 min. Integrating the area under the time
activity curves indicated that only a small percentage (2–3%)
of the injected radioactivity was trapped. The radioactivity
in the second 70 ml NaOH trap, measured at the end of
the study (after 4–5 half lives after injection of radioactivity
but decay corrected), was < 1% of the total collected in the
small traps.

[11C]CO2 was also detected in blood during the first
minute after i.v. injection of (S)-[11C]ICI-OMe (Fig. 9).
This percentage of total radioactivity due to [11C]CO2

reached a maximum at 15–20 min and subsequently
decreased to a stable level.

Discussion

The heart was clearly visible in quadHIDAC scans of rats
following i.v. injection of (S)-[11C]ICI-OMe (Fig. 3).
Myocardial uptake of radioactivity, however, was low.
Regions of interest drawn in the left ventricular wall typically
gave average values of 170 cps·ml−1 at 5–15 min after
injection of 8 MBq (S)-[11C]ICI-OMe, and 150 cps·ml−1 after
8 MBq [18F]FDG. There was uptake of radioactivity in liver,
kidney and bladder.

After vascular mixing following injection of (S)-[11C]
ICI-OMe (0–30 s), there was a rapid loss of ‘radioactivity’
(coincident events per second) from myocardium (Fig. 4).
Ex vivo dissection studies showed that plasma radioactivity
decreased to ∼10% during the first 5 min after injection of
(S)-[11C]ICI-OMe (Fig. 5). The apparent loss of myocardial
radioactivity observed during 0.5 to 5 min (Fig. 4), there-
fore, is due to a combination of decreases in radioactivity in
the myocardial microcirculation and of reduced spillover as
radioactivity in the heart chambers decreases. Subsequently
(> 5 min), there was a slow loss of myocardial radioactivity
(Figs. 4, 6). HPLC analysis of tissue extracts (Fig. 8)
showed that this radioactivity was due to unchanged
(S)-[11C]ICI-OMe. Injection of unlabelled (S)-ICI-OMe
(2 μmol·kg −1) (Fig. 4) or propranolol (5 μmol·kg −1) (data
not shown) at 15 min had no effect on the rate of loss of
tracer radioactivity (Fig. 4) and predosing animals with
unlabelled antagonists had no effect (Fig. 6).

To demonstrate specific binding of a radioligand to a
receptor by predosing or displacement using unlabelled
ligands, the amount of radioligand used should give low
levels of receptor occupancy (< 1%) [33]. For high affinity
ligands, it may not be possible to achieve the specific
activity required to allow the injection of sufficient
radioactivity to acquire statistically significant PET data
while maintaining low receptor occupancy in small ani-
mals. In other words, if the radioactivity required for PET is
equivalent to a ligand dose which saturates the receptor of
interest, it will not be possible to demonstrate specific
receptor binding using PET.

The doses of (S)-[11C]ICI-OMe used in the PET studies
ranged from 1–5 nmol·kg−1. For the non-selective β-AR
ligand (S)-[11C]CGP 12177 injected intravenously into rats,
a dose of 1.3 nmol·kg−1 halved myocardial uptake of
radioactivity and 15 nmol·kg−1 completely blocked it [34].
In vitro membrane binding studies show that the KD for
CGP 12177 is 0.19–0.67 nM [35–39] as compared to the Ki

value of 0.07 nM observed for (S)-ICI-OMe [28]. In other
words, the affinity of (S)-ICI-OMe to β1-AR in vitro is
3–10 times greater than that for (S)-CGP 12177 to β-AR.
Using current [11C]labelling methods, unlabelled S-ICI-OMe
is synthesised with (S)-[11C]ICI-OMe. It is feasible,
therefore, that the 1–5 nmol·kg−1 used in the PET scans

Fig. 9 [11C]CO2 in exhaled air and plasma. Two anaesthetised rats
were injected with (S)-[11C]ICI-OMe (10 MBq, 30 nmol·kg−1) and
their exhaled air drawn through NaOH (8 ml in 10 ml vials), using a
vacuum pump, to trap radioactivity due to [11C]CO2. (• rat 1; ○ rat 2).
Radioactivity in each vial, expressed as cpm/min (%)=100*(cpm in
vial/collection time in minutes)/(cpm injected into rat), is plotted
against mid-collection time (upper panel). Blood samples were taken
from rat 2 and the percentage of radioactivity in blood due to [11C]
CO2 was assessed (lower panel)
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gives an in vivo occupancy by unlabelled S-ICI-OMe which
is too high for the detection of specific binding of
(S)-[11C]ICI-OMe to β1-AR by predosing or displacement
experiments.

The ex vivo biodistribution studies, however, failed to
demonstrate high specific binding although the doses of (S)-
[11C]ICI-OMe ranged from undetectable (< 0.003 nmol·kg−1)
to 2 nmol·kg−1. Predosing with high dose (S)-ICI-OMe
(5 μmol·kg−1) had little effect on myocardial radioactivity
(Fig. 6). The selective β1-AR antagonist CGP 20712A at
high dose (5 μmol·kg−1) had a small blocking effect but
lower doses had even less (100 nmol mol·kg−1) or no (10 n
mol·kg−1) effect (Fig. 7), suggesting that the half saturation
dose for CGP 29712A for myocardium in vivo is between
10 nmol·kg−1 and 100 nmol·kg−1. Comparable in vivo
experiments have shown that the half saturation dose for
CGP 12177 was ∼1 nmol·kg−1 for rat myocardium [34].
Interestingly, one in vitro binding study in equine myocar-
dium has shown a Ki for CGP 20712A of 30 nM, assessed
against [3H]CGP 12177, compared with a Kd for [3H]CGP
12177 of 0.5 nM [51].

HPLC studies showed that myocardial radioactivity
represented parent (S)-[11C]ICI-OMe [Fig. 8]. The very
small effect of unlabelled selective β-AR antagonists
coupled with the clearance of radioactivity from the
myocardium, however, suggests that (S)-[11C]ICI-OMe is
bound predominantly to non-specific sites.

The metabolic studies show rapid breakdown of
(S)-[11C]ICI-OMe in other tissues (Fig. 8) and radioactivity
was detected in exhaled air as early as the first minute after
injection of radioligand (Fig. 9). Polar radiolabelled
metabolites, eluting after the solvent front, were seen in
plasma samples taken at 2–5 min after (S)-[11C]ICI-OMe
and a radiometabolite of intermediate polarity was found in
liver (Fig. 8). These results are consistent with metabolism
of (S)-[11C]ICI-OMe to intermediates, which include
radioactive methanol, in the liver. [11C]Methanol is cata-
bolised to [11C]carbon dioxide via [11C]formaldehyde and
[11C]formate [42–46]. The presence of parent (S)-[11C]ICI-
OMe in urine was unexpected. The absence of radiolabelled
metabolites in urine, however, is consistent with metabolism
of (S)-[11C]ICI-OMe to [11C]CO2; under normal conditions
bicarbonate is effectively reabsorbed by kidney tubules.

Rapid metabolism of (S)-[11C]ICI-OMe in liver and,
possibly, lung could result in a low availability of radio-
ligands to myocytes and consequently a very low occupan-
cy of myocardial β1-AR. Other radiolabelled analogues of
ICI 89,406 may be less susceptable to metabolism. We have
recently synthesised the fluorinated analogues (R)- and
(S)-N-[2-[3-(2-cyano-phenoxy)-2-hydroxy-propylamino]-
ethyl]-N′-[4-(2-fluoro-ethoxy)-phenyl]-urea [52]. In vitro
studies showed that the (S)-enantiomer had higher β1-AR

selectivity and affinity than the (R)-enantiomer (affinity
Ki1=0.049 nM vs Ki1=0.297 nM; selectivity 40800 vs
1580). The [18F]-labelled (S)-analogue was synthesised at a
higher specific activity (40 GBq·μmol−1 at EOS) than was
achieved for (S)-ICI-OMe (6.5 GBq·μmol−1 at EOS). This
result, coupled with the other advantages of 18F compared
with 11C for PET imaging (e.g. better image resolution, half
life 110 min vs 20 min) has encouraged us to begin in vivo
evaluation of this compound.

Conclusion

The O-methyl derivative of the β1-adrenoceptor antagonist
ICI 89,406 was labelled with carbon-11 ((S)-[11C]ICI-OMe).
Although in vitro membrane studies showed that (S)-ICI-
OMe has high affinity and selectivty for β1-ARs, the present
study in rats failed to demonstrate the high specific binding
of (S)-[11C]ICI-OMe to myocardial β1-AR following intra-
venous injection which is a prerequisite for use in PET. A
new [18F-labelled derivative of ICI 89,406 has been
synthesised and is under evaluation.
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