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Abstract

X w18 x Ž Ž . Ž Ž X w18 x . .S-1- F fluorocarazolol S- y -4- 2-hydroxy-3- 1- F fluoroisopropyl -aminopropoxy carbazole, a non-subtype-selective b-adren-
.oceptor antagonist has been investigated for in vivo studies of b-adrenoceptors. Previous results indicated that uptake of this radioligand

in heart and lung can be inhibited by b-adrenoceptor agonists and antagonists. In the present study, blocking, displacement and saturation
experiments were performed in rats, in combination with metabolite analysis to investigate the suitability of this radioligand for in vivo

Ž . Ž .positron emission tomography PET imaging and quantification of b-adrenoceptors in the brain. The results demonstrate that, i the
X w18 x Ž . X w18 xuptake of S-1- F fluorocarazolol reflects specific binding to b-adrenoceptors, ii binding of S-1- F fluorocarazolol to atypical or

Ž .non-b-adrenergic sites is negligible, iii uptake of radioactive metabolites in the brain is less than 25% of total radioactivity, 60 min after
Ž . Ž .injection, iv in vivo measurements of receptor densities B in cortex, cerebellum, heart, lung and erythrocytes are within range ofmax

Ž . X w18 x X w18 xdensities determined from in vitro assays, v binding of S-1- F fluorocarazolol can be displaced. In conclusion, S-1- F fluorocarazo-
lol seems to possess the appropriate characteristics to visualize and quantify b-adrenoceptors in vivo in the central nervous system using
PET. q 1998 Elsevier Science B.V. All rights reserved.

Ž . X w18 x Ž .Keywords: PET positron emission tomography ; S-1 - F fluorocarazolol; b-Adrenoceptor; Brain; Rat

1. Introduction

Cerebral b-adrenoceptors are important in several
physiological and behavioural responses, such as adapta-

Ž .tion to stress Stone and Platt, 1982; Stone et al., 1995 ,
Ž .processing of visual stimuli Maloteaux, 1986 , respiratory

Ž . Žcontrol Annane, 1991 , glial proliferation Sutin and Grif-
.fith, 1993; Hodges-Savola et al., 1996 , memory function

Ž . ŽFlexner et al., 1985 and motor learning Heron et al.,
.1996 . Abnormalities in b-adrenoceptor densities are asso-

Žciated with neurological pathologies like depression De-
. ŽPaermentier et al., 1990, 1992 , schizophrenia Joyce et al.,

. Ž .1992 , alcoholism Valverius et al., 1989 , Alzheimer’s
Ž .disease Kalaria et al., 1989 and Huntington’s chorea

Ž .Waeber et al., 1991 . Also in peripheral organs b-adren-
oceptor densities are altered in various patho-physiological

Ž .conditions, including hypertension Michel et al., 1987 ,
Ž .heart failure, ischemia Brodde, 1991 , airway infections,

Ž .allergy and asthma Innis et al., 1979 .
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With appropriate radioligands and experimental de-
Ž .signs, positron emission tomography PET can be used for

non-invasive measurement of regional densities of hor-
mone and neurotransmitter receptors in the human body.

X w18 xRecently we evaluated the radioligand S-1- F fluoro-
carazolol, a fluorinated analog of the potent, non-subtype
selective b-adrenoceptor antagonist carazolol, which ex-
hibits desirable properties for PET imaging. In humans,

Žthis compound was shown to bind to cerebral Van Waarde
. Žet al., 1997 , myocardial and pulmonary Visser et al.,

. X1997 b-adrenoceptors in vivo. In rats uptake of S-1-
w18 xF fluorocarazolol in lung, heart, brain and other organs
containing b-adrenoceptors could be blocked stereoselec-
tively by S-propranolol and was sensitive to selective

Žb-adrenoceptor agonists and antagonists Van Waarde et
.al., 1995 .

Ž .To assess b-adrenoceptor densities B quantita-max
X w18 xtively with PET imaging and S-1- F fluorocarazolol, an

appropriate tracer-kinetic model is necessary. Several com-
partmental models have been described, using multiple
injection techniques for quantification of receptor densities
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Ž .Huang et al., 1989; Delforge et al., 1991 . A most promis-
Ž .ing model was proposed by Delforge et al. 1991 in which

three injections proved to be sufficient to identify the Bmax

and other model parameters of the b-adrenoceptor legend
CGP 12177 in the heart. In order to apply this model to

Ž .measurement of cerebral b-adrenoceptor densities with
X w18 xS-1- F fluorocarazolol, knowledge is required about radi-

oligand metabolism, adrenoceptor occupancy by the tracer,
and reversibility of the binding.

The aim of the present study was to measure biodistri-
X w18 xbution and metabolism of S-1- F fluorocarazolol in spe-

cific brain regions, and to investigate saturation and dis-
placement of its binding to b-adrenoceptors in several
b-adrenoceptor containing organs.

2. Materials and methods

2.1. Materials

Ž .S-Desisopropylcarazolol enantiomeric excess )98%
Ž .was prepared as reported previously Elsinga et al., 1996 .

X w18 x ŽS-1- F Fluorocarazolol specific activity 18.5–185 TBq
Ž . . w18 x500–5000 Ci rmmol was synthesized from F fluoro-

Ž .acetone and S-desisopropylcarazolol Zheng et al., 1994 .
Non-radioactive S-1X-fluorocarazololPHCl was similarly

Žprepared, using commercially available fluoroacetone Al-
. Xdrich, Bornem, Belgium . Radiochemical purity of S-1-

w18 xF fluorocarazolol was )99.9% and chemical purity of
unlabeled S-1X-fluorocarazololPHCl was )99% as judged
by reversed-phase high performance liquid chromatogra-

Ž .phy HPLC .

2.2. Animal handling

All animal studies were performed in compliance with
the Law of Animal Experiments of The Netherlands. In
distribution, displacement and metabolite studies, male

Ž .Wistar rats 220"20 g were used which were supplied
Žby Harlan, Lelystad, The Netherlands. Male rats 261"12

. Žg from a locally bred Wistar strain Department of Ani-
Ž ..mal Physiology, Groningen University RUG were used

in saturation experiments. In each experiment the animals
were anaesthetized with an intraperitoneal injection of

Ž .sodium pentobarbital 60 mgrkg body weight and a bolus
X w18 x Žinjection of S-1- F fluorocarazolol 1–1.85 MBq in 0.25

.ml, 5–100 pmolrkg was administered via the tail vein.
Sixty minutes after radioligand injection, when specific

Ž .binding in peripheral Van Waarde et al., 1995 and cere-
bral tissues was maximal, the animals were killed by
extirpation of the heart. A blood sample and several central
and peripheral tissue samples were taken, after which
tissue radioactivity was assessed by ex vivo counting, as

Ž .published previously Van Waarde et al., 1995 . Uptake of
18 F was expressed as a ‘body-weight-standardized value’

Ž . Žor ‘differential absorption ratio’ DAR : cpm recoveredrg
. Ž .tissue r cpm injectedrg body weight .

2.3. Distribution and displacement

Ž .S-propranolol 0.15 mgrkg in 0.9% saline was injected
in the tail vein 5 min before the radioligand injection to
study the distribution of specific binding. For displacement
studies, a dose of 2.5 mgrkg S-propranolol was injected 5
min after the radioligand.

Peripheral organs were sampled as published previously
Ž .Van Waarde et al., 1995 . The brain was dissected in
more detail: two sections of the cortex were taken on the
ventral side of the brain; the entorhinal cortex and the
piriform cortex containing the amygdaloid nucleus. Olfac-
tory bulbs were dissected and the brain was cut in three
coronal slices. The first coronal cut was made "2 mm

Ž .caudal to the olfactory bulbs A3000 mm , the second just
Ž . Žcaudal to the optic chiasm P1500 mm Palkovits and

.Brownstein, 1988 . From the first slice anterior
cingulaterfrontopolar cortex was dissected. The second
slice was used to isolate striatum and frontal cortex. Tha-
lami could be scooped out from the third brainslice. In the
same slice, the remainder of the cortex was peeled of,
containing parietal, temporal and occipital areas, after
which the hippocampi could be removed as well. Then the
cerebellar hemispheres were removed from the hindbrain,
and the pons and medulla were obtained by sectioning
through the pons just caudal to the occipital cortex. Right
and left samples of all brain regions were pooled.

ŽUptake of radioactivity was expressed as a DAR see
.above . Specific binding was calculated by subtracting

propranolol-pre-treated values from control values.

2.4. Saturation experiments

Thirty pentobarbital-anaesthetized rats were i.v. injected
X w18 xwith 1 MBq S-1- F fluorocarazolol and different amounts

of unlabeled S-1X-fluorocarazolol in saline. Total mass of
the drug was varied between 0.05 and 1000 nmolrkg body
weight. Uptake data, with each value representing an
average of at least 2 animals injected with a dose within

Ž .the respective mass interval Xy10 X , were examined
Žusing software for nonlinear curve fitting EnzFitter, Else-

.vier Biosoft, Cambridge, UK . A logistic four-parameter
model was fitted:

AyDŽ .
Uptakes qDB1q DoserCŽ .

in which Asasymptotic maximum, Bsslope parameter
Ž . Ž .pseudo-Hill slope , Csvalue at inflexion point IC ,50

and Dsasymptotic minimum. Uptake was expressed as a
Ž . XDAR see above and Dose as nmol S-1 -

fluorocarazololrkg body weight.
Dose–response curves of tissue uptake were converted

to hyperbolic saturation curves. First, specific binding was
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Žcalculated by subtracting the asymptotic minimum D as
. Ž .determined above from tissue radioactivity DAR ob-

X w18 xserved after administration of S-1- F fluorocarazolol.
Specific binding was then expressed as pmolrg tissue wet
weight using the following formula

Bound ligand pmolrg s Injected dose nmolrkgŽ . Ž .
=Specific tissue binding differential absorption ratioŽ .
Receptor-bound ligand was plotted as a function of the

X Žtotal amount of S-1-fluorocarazolol radioactive plus non-
.radioactive injected, with each data point representing an

average of at least two animals as described above. A
Ž .hyperbolic one-site model was fitted to these data; the

Ž .asymptotic maximum is the receptor density B ex-max

pressed as pmolrg tissue.

2.5. Metabolite analysis

Radioligand metabolism was assessed by reversed-
phaserHPLC analysis of tissue extracts, performed in a
system consisting of a Waters 510 pump, Rheodyne injec-
tor type 7125, 1 ml sample loop, C18 guard column,

Ž .Waters Radial-Pak C18 100=8 mm i.d., 5 mm and a
Waters 486 tuneable absorbance detector.

The animals were sacrificed 60 min after injection of
X w18 x ŽS-1- F fluorocarazolol 1–1.85 MBq in 0.25 ml, 5–100

.pmolrkg , after which heart, lung, cerebellum and cortex
were isolated and extracted with 2 volumes of acetonitrile

Ž .using a tissue homogenizer Ultra Turrax . Protein was
Žremoved from the extracts by centrifugation 2 min, Het-

.tich mikroliter centrifuge . The clear supernatant was in-
jected onto the HPLC column. The mobile phase was
prepared by dissolving 2.46 g anhydrous sodium acetate in
450 ml water, adding 550 ml acetonitrile, adjusting the pH

Žto 6.5 with acetic acid and filtration Millipore 0.45 mm
.FH . The flow rate was 2 mlrmin. Twenty-four 0.6 ml

fractions were collected over a period of 12 min using an
automatic fraction collector. Radioactivity in each fraction
was measured with a gamma counter. The fraction of
radioactivity in the supernatant which still represented
parent compound was determined.

3. Results

3.1. Regional tissue distribution

Ž .Pre-treatment with propranolol 0.15 mgrkg caused a
significant decrease in 18 F uptake in all brain regions
Ž .Table 1 ; central DARs varied in control animals from
0.27"0.03 in medulla to 0.66"0.17 in the parietal,
temporal and occipital cortex, and in propranolol-pre-
treated animals from 0.18"0.04 in medulla to 0.31"0.07
in anterior cingulaterfrontopolar cortex. The regional dis-

Ž .tribution of specific binding was calculated not shown .
This distribution was found to be heterogeneous, with most

Table 1
18 Ž . ŽRegional distribution of F in rat tissues in blocking pre-treatment with 0.15 mgrkg S-propranolol, i.v. and displacement studies post-treatment with

. X w18 x2.5 mgrkg S-propranolol, i.v. , 60 min after S-1 - F fluorocarazolol injection

Tissue Controls Blocking P: control vs. Displacement P: control vs.
Ž . Ž . Ž .ns7–8 ns3–5 blocking ns4 displacement

Amygdalarpiriform cortex 0.48"0.06 0.24"0.04 -0.0005 0.37"0.05 0.01
Cerebellum 0.55"0.12 0.28"0.08 0.001 0.43"0.03 NS
Cingulaterfrontopolar cortex 0.62"0.04 0.31"0.08 -0.0005 0.44"0.01 -0.0005
Entorhinal cortex 0.50"0.07 0.25"0.04 -0.0005 0.40"0.03 -0.05
Frontal cortex 0.63"0.08 0.27"0.01 -0.0005 0.47"0.06 -0.01
Parietalrtemporalroccipital cortex 0.66"0.17 0.29"0.02 0.001 0.48"0.04 NS
Hippocampus 0.38"0.04 0.26"0.02 -0.0005 0.34"0.04 NS
Medulla 0.27"0.03 0.18"0.04 -0.0005 0.26"0.01 NS
Olfactory bulbs 0.36"0.04 0.25"0.07 -0.005 0.33"0.03 NS
Pons 0.30"0.06 0.21"0.03 -0.005 0.30"0.04 NS
Striatum 0.58"0.05 0.30"0.02 -0.0005 0.43"0.02 -0.0005
Thalamus 0.39"0.04 0.22"0.03 -0.0005 0.28"0.02 -0.0005
Heart 2.28"0.22 0.68"0.09 -0.0005 1.41"0.21 -0.0005
Kidney 1.27"0.23 0.97"0.10 -0.05 1.22"0.12 NS
Liver 1.55"0.26 2.56"0.29 -0.0005 2.67"0.28 -0.0005
Lung 17.66"2.7 2.67"0.56 -0.0005 13.12"1.7 0.01
Muscle 0.48"0.12 0.43"0.08 NS 0.47"0.10 NS
Plasma 0.23"0.04 0.35"0.05 -0.0005 0.38"0.02 -0.0005
RBC 1.12"0.15 0.34"0.03 -0.0005 0.79"0.08 -0.005
Spleen 2.31"0.27 0.67"0.09 -0.0005 1.47"0.12 -0.0005
Trachea 0.78"0.16 0.39"0.05 -0.0005 0.56"0.06 -0.050

Ž .Tissue uptake is expressed as mean differential adsorption ratio DAR; see Section 2 "S.D. of n experimental animals.
Significant differences between control and experimental values were analysed using Student’s t-test, with P as a dual-tail probability.
NSsnot significant.
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X w18 x Ž .Fig. 1. Relationship between specific in vivo S-1 - F fluorocarazolol uptake DAR , 60 min after injection, and b-adrenoceptor density determined by
w125 x Ž .quantitative autoradiography of I iodocyanopindolol binding in several brain regions according to Grimm et al. 1992 . The solid line represents a linear

Žw125 x .regression analysis of the data points which produced the following equation: DARsy0.01q0.0032 I iodocyanopindolol fmolrmg , rs0.93,
Ž . Ž . Ž . Ž .P-0.005. Numbers indicate brain regions: 1 amygdalarpiriform cortex; 2 anterior cingulaterfrontopolar cortex; 3 entorhinal cortex; 4 frontal

Ž . Ž . Ž . Ž .cortex; 5 parietal, temporal and occipital cortex; 6 hippocampus; 7 striatum and 8 thalamus.

binding occurring in frontal and parietal, temporal and
occipital cortex. Slightly less specific binding was seen in
the amygdalarpiriform cortex, cerebellum, anterior cingu-
laterfrontopolar cortex, entorhinal cortex, and striatum
with moderate values in the thalamus. Pons, medulla,
hippocampus and olfactory bulbs showed very little spe-
cific binding. In Fig. 1, the specific binding is compared
with receptor densities obtained by in vitro autoradiog-

w125 x Ž .raphy in rat brain using I iodocyanopindolol ICYP as

Ž . Xthe radioligand Grimm et al., 1992 . The specific S-1-
w18 xF fluorocarazolol uptake in different brain regions
strongly correlated with values from these in vitro studies
Ž .rs0.93; P-0.005 .

3.2. Displacement

A chase experiment with an intravenous injection of 2.5
X w18 xmgrkg propranolol, showed that bound S-1- F fluoro-

X w18 x Ž .Fig. 2. Displacement of S-1 - F fluorocarazolol from 12 brain areas by an intravenous injection of 2.5 mgrkg S-propranolol ns4 . Data is expressed as
% displacementrspecific binding, with specific binding calculated by subtracting S-propranolol-pre-treatment DAR values from control DAR values.
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carazolol could be significantly displaced in several brain
regions containing many b-adrenoceptors, namely the cin-
gulaterfrontopolar cortex, entorhinal cortex, frontal cor-

Ž .tex, striatum and the thalamus Table 1 . No significant
reversible binding was found in cerebral regions with little

Ž .b-adrenoceptors medulla and pons and in the cerebellum.
In peripheral regions, the radioligand could be displaced
significantly in all tissues, except kidney, muscle, plasma
and liver. Plasma and liver uptake DAR even increased.
Uptake values varied in the periphery from 0.56"0.05 in
the trachea to 13.1"1.69 in the lung, and in brain regions
from 0.26"0.01 in the medulla to 0.48"0.03 in the
parietal, temporal and occipital cortex. In Fig. 2 the radi-

oligand uptake in several brain areas and in myocardial
and pulmonary tissue is presented as the fraction of spe-

Žcific binding which is displaced within 60 min expressed
.in % . These values were found to be highest in the

anterior cingulaterfrontopolar cortex, and the thalamus,
slightly lower in the entorhinal and frontal cortex, amyg-
dalarpiriform cortex, striatum and heart, very low in the
lung and zero in medulla and pons. Binding of S-1X-
w18 xF fluorocarazolol in tissue containing mainly b -adren-1

oceptors, such as myocardial tissue, appeared to be more
easily displaced than the binding in mainly b subtype2

Žcontaining tissue such as the lung 55 and 30%, respec-
.tively . The same phenomenon was observed in the brain.

18 Ž . Ž . X w18 xFig. 3. Uptake of F in a rat cerebral cortex and b rat myocardial tissue, after injection of 1 MBq of S-1 - F -fluorocarazolol and various doses of
X Ž . Xunlabeled S-1 -fluorocarazolol. The dose is expressed as the total radioactive plus non-radioactive amount of S-1 -fluorocarazolol injected. The solid lines

are logistic curve fits.
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Table 2
X w18 xCurve fitting parameters of the in vivo saturation experiments with S-1 - F fluorocarazolol

Tissue Maximal uptake Minimal uptake IC Pseudo–Hill B50 max
Ž . Ž . Ž . Ž .DAR DAR nmolrkg body weight slope pmolrg tissue

Cerebellum 0.88"0.05 0.21"0.02 7.4"2.0 0.9"0.2 4.6"0.06
Cerebral cortex 0.89"0.04 0.20"0.02 24.1"4.6 1.2"0.2 12.3"0.3
Heart 2.55"0.15 0.50"0.11 2.5"0.7 1.1"0.3 6.9"0.6
Lung 21.9"2.9 1.60"0.16 0.8"0.3 1.1"0.2 14.4"1.3
Red blood cells 1.47"0.33 0.16"0.10 0.93"0.8 0.7"0.3 3.2"0.4

Parameters are expressed as mean"S.E.M.
See Figs. 3 and 4 for the corresponding fits.

X Ž . Ž .Fig. 4. Dose dependency of the specific binding of S-1 -fluorocarazolol in a rat cerebral cortex and b rat myocardial tissue. The concentration of bound
Ž .ligand was calculated as described in Section 2; the solid lines are curve fits for a hyperbolic one-site model. Note that the scale on the horizontal axis for

cerebral cortex and myocardial tissue is different since a higher dose was required to saturate b-adrenoceptors in the brain.
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Uptake in the cortex, containing mainly b -adrenoceptors,1
Ž .seemed to be more easily reversible 40–58% displaced

Ž .than uptake in the cerebellum not significantly reversible ,
Žwhich contains mainly b -adrenoceptors Minneman et al.,2

.1979; Rainbow et al., 1984; Grimm et al., 1992 .

3.3. Saturation experiments

X w18 x Ž .When S-1- F fluorocarazolol 1 MBqrrat was co-in-
jected with non-radioactive S-1X-fluorocarazolol, and ra-
dioactivity in target tissues after 60 min was plotted against
the total amount of drug injected, sigmoidal curves were

Ž .acquired Fig. 3 . A logistic model was fitted to these data
Ž .and parameters were estimated Table 2 . Values for IC50

could not be expressed as nM since the free ligand concen-
trations in the tissues were unknown and they could not be
determined. Therefore, apparent IC values were calcu-50

lated which were expressed in terms of mass injected per
unit body weight. The estimated values were an order of

Žmagnitude lower in peripheral tissues heart, lung, erythro-
.cytes than in the brain. Moreover, IC values in tissues50

Ž .containing mainly b -adrenoceptors lung, cerebellum2

were lower than those in tissues containing mainly b -1
Ž .adrenoceptors heart, cerebral cortex . Note that the tissue

uptake values for cortex determined in blocking and dis-
placement studies are lower than those determined from
these saturation data at doses of S-1X-fluorocarazolol com-

Žparable to those used in the biodistribution studies 5–100
.pmolrkg .

Hyperbolic saturation data were acquired from the sig-
Ž . Ž y1moidal curves Fig. 4 . B values pmol g tissue wetmax

.weight estimated from these curves are listed in Table 2.
In Figs. 3 and 4 only the sigmoidal and hyperbolic satura-
tions of adrenoceptors in the cerebral cortex and the heart
are shown, which are representative for the curves of
cerebellar and pulmonary tissue, and erythrocytes, al-

Ž .though they exhibit different parameters Table 2 .

X [18 ]3.4. Metabolites of S-1 - F fluorocarazolol

Representative radioactivity profiles of tissue extracts
are shown in Fig. 5. Radioactivity eluting with a retention
time of about 7 min co-eluted with unchanged S-1X-
w18 xF fluorocarazolol, whereas the peaks between 1.75 and
5.25 min represented metabolites. At 60 min after injec-
tion, 78.4"4.3, 81.4"3.8 and 75.5"3.9% of radioactiv-
ity found in respectively cerebellum, cerebral cortex and
remainder of the brain, was due to unmodified radioligand.
Although the differences between the brain areas are not
statistically significant, each animal seems to have a smaller
fraction of parent compound in the remainder of the brain,
than in the cortex, a region with relatively high b-adrenoc-

Žeptor densities Minneman et al., 1979; Rainbow et al.,
.1984; Grimm et al., 1992 . In heart and lung the parent

Žcompound fractions 88.7"2.3 and 95.1"0.9% respec-
.tively were similar to those determined in a previous

Fig. 5. Radiochromatogram of tissues extracted 60 min post injection.
Representative profiles of cortex, heart and lung from one animal are

Žshown. The chromatograms of cerebellum and the rest of the brain not
.shown were similar to that of the cortex. Note that the scale on the

vertical axis is different for heart, lung and brain, in order to compare the
retention times of the metabolites in central and peripheral tissue, while
the fraction of the total radioactivity which belongs to the original
compound is depicted in percentages.

Ž .study Elsinga et al., 1996 . In the brain, only one metabo-
lite-peak was found, corresponding with the more polar

Žone of the two metabolites found in peripheral organs Fig.
.5 .

4. Discussion

X [18 ]4.1. Suitability of S-1 - F fluorocarazolol for in ÕiÕo
imaging of b-adrenoceptors

The in vivo visualization of hormone- and neurorecep-
Ž .tors with positron emission tomography PET requires
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X w18 xappropriate radioligands. Previous studies of S-1- F fluo-
rocarazolol have demonstrated that this radioligand ex-
hibits desirable properties for in vivo imaging of b-adren-

Žoceptors using PET. Myocardial, pulmonary Visser et al.,
. Ž .1997 and cerebral Van Waarde et al., 1997 b-adrenocep-

tors were clearly visualized in healthy volunteers, and
binding of the radioligand to these receptors was inhibited
after ingestion of pindolol. In the brain, uptake of S-1X-
w18 xF fluorocarazolol delineated grey matter and was high in
the posterior cingulate, precuneus and striatum, low in the
thalamus and practically absent in white matter of the

Ž .corpus callosum Van Waarde et al., 1997 .
Many b-adrenoceptor antagonists are known for their

Ž .binding affinity to 5-hydroxytryptamine 5-HT receptors.
Fluorocarazolol however displays a 20–400 fold selectiv-
ity for b-adrenoceptors with respect to 5-HT in in vitro1

Ž .assays Van Waarde et al., 1997 . Therefore, the contribu-
tion of binding to 5-HT receptors to specific fluorocara-1

zolol uptake in the brain can be neglected at a subnanomo-
lar dose of the radioligand.

4.1.1. Specific binding
However, these reports do not demonstrate that uptake

X w18 xof S-1- F fluorocarazolol reflects actual densities of b-
adrenoceptors. Animal experiments with attempts to block
uptake in peripheral target organs with subtype-selective

X w18 xantagonists indicated that S-1- F fluorocarazolol is actu-
Ž .ally bound to b-adrenoceptors Van Waarde et al., 1995 .

Moreover, the present report showed that inhibition of
radioactivity uptake in peripheral organs after the adminis-
tration of the non-subtype-selective b-antagonist, propra-
nolol was high in tissues known to contain many b-adren-

Ž .oceptors heart and lung , and low in tissues containing
Ž . Žfew b-adrenoceptors muscle see also: Van Waarde et

.al., 1995 . The same phenomenon was observed in the
brain. Furthermore, the regional distribution of the specific

X w18 xbinding of S-1- F fluorocarazolol in cerebral tissue cor-
responds to b-adrenoceptor densities determined from in

w125 xvitro autoradiography with I iodocyanopindolol as radi-
Ž . Ž .oligand Grimm et al., 1992 rs0.93; P-0.005 , Fig.

. X1 . This further indicates that specific binding of S-1-fluo-
rocarazolol in the brain of intact rats, calculated as de-
scribed in Section 2, actually represents regional density of
b-adrenoceptors. Because not all brain regions studied in
the present report are represented in this in vitro assay

w125 xusing I iodocyanopindolol, data from cerebellum,
medulla, olfactory bulbs and pons could not be compared.

w125 xHowever, according to other in vitro data using I -
Ž . Ž .iodopindolol IPIN as radioligand Rainbow et al., 1984 ,

very little specific binding is present in pons and medulla,
in agreement with our small DARs measured in these
regions.

X w18 xS-1- F fluorocarazolol, like other b-antagonists, may
not only bind to b and b subtypes of adrenoceptors, but1 2

Žalso to ‘atypical’ or b -adrenoceptors Emorine et al.,3
. Ž1989, 1992 and to non-b-adrenergic sites Goldie et al.,

.1986 . Comparing the residual tissue uptake of radioactiv-
ity in the presence of 1 mmolrkg non-radioactive S-1X-flu-
orocarazolol with the uptake in animals pre-treated with
0.15 mgrkg S-propranolol reveals similar uptake values
Žcompare blocking in Table 1 with minimal uptake in

.Table 2 . Since binding to b - and non-b-adrenergic sites3

is insensitive to propranolol, in contrast to associations to
Žb - and b -adrenoceptors Emorine et al., 1989, 1992;1 2

. X w18 xGoldie et al., 1986 , binding of S-1- F fluorocarazolol to
b -adrenoceptors and non-b-adrenergic sites seems negli-3

gible under our experimental conditions. Slightly, but not
significantly lower uptake was found after treatment with 1
mmolrkg S-1X-fluorocarazolol than after 0.15 mgrkg S-

Žpropranolol, especially in pulmonary tissue 1.60"0.16
. Žvs. 2.67"0.56 and erythrocytes 0.16"0.10 vs. 0.34"

.0.03 . However, after pre-treating the animals with 2.5
mgrkg RS-propranolol residual uptake of 18 F in the lung
Ž Ž ..1.15"0.13 Van Waarde et al., 1995 was similar to that
seen after pre-treatment with 1 mmolrkg S-1X-fluoro-
carazolol.

Moreover, the pseudo-Hill coefficients did not appear to
Ž .be significantly different from unity Table 2 although the

standard errors were large and a relatively shallow slope
X w18 xwas found in red blood cells. In conclusion, S-1- F fluo-

rocarazolol did not bind to receptors other than b-adreno-
ceptors and it does not show appreciable binding to propra-
nolol insensitive sites in brain, heart and lung, although
there may be a minor contribution of such sites to total
uptake in blood cells.

4.1.2. Apparent in ÕiÕo affinity
X w18 xKnowing that the in vivo binding of S-1- F fluoro-

carazolol to b-adrenoceptors is specific, it would be inter-
esting to know the strength of this binding. Therefore the
IC was estimated from in vivo saturation experiments.50

These estimates of the apparent in vivo affinity of S-1X-
w18 xF fluorocarazolol to b-adrenoceptors in erythrocytes,

Ž .heart and lungs values reported in Table 2 appeared to be
Ž Ž .lower than affinity constants determined in vitro K bi 1

Ž .s0.4 nM and K b s0.1 nM, Van Waarde et al.,i 2
.1997 . Apparent affinities in the brain are still lower by an

Ž .order of magnitude Table 1 .
Differences between the in vitro and the in vivo affini-

ties of a radioligand are a common finding in PET studies
ŽNanoff et al., 1987; Law, 1993; Raffel, 1991; Sisson et

.al., 1991 . Except for differences in experimental condi-
Ž .tions such as incubation media and temperature, these

discrepancies can also result from differences in radioli-
gand availability for binding to receptors, possibly caused
by the following mechanisms.

First, the free ligand concentration may not be dis-
tributed in a homogeneous manner because of the tissue

Žheterogeneity and the lipophilicity of the radioligand Del-
.forge et al., 1994, 1996 . If b-adrenoceptors are in a

hydrophilic subcellular environment, the free ligand con-
centration in the neighbourhood of the receptor sites may
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be much lower than the mean concentration in the tissue.
This phenomenon will lead to an in vivo IC which is50

higher than the values measured in vitro, and this discrep-
ancy will be even more pronounced when using a more
lipophilic radioligand. Therefore, it is not surprising that
the in vivo affinity for b-adrenoceptors of the lipophilic

X w18 x Žradioligand S-1- F fluorocarazolol log Pq2.2, pH 7.4;
.Zheng et al., 1994 is much lower than the in vitro affinity.

Second, binding to plasma proteins may cause a sub-
stantial increase in the apparent IC observed in vivo,50

since the amount of free ligand in plasma which is able to
Žcross the endothelium will be diminished Raffel et al.,

. X1991 . In a previous report, the free fraction of S-1-
w18 xF fluorocarazolol in rat plasma was determined by ultra-
filtration, demonstrating that )70% of the parent ligand is

Ž .bound to proteins Van Waarde et al., 1996 . However it is
X w18 xnot expected that S-1- F fluorocarazolol binding to pro-

teins will cause any substantial decrease in the availability
of the ligand, because this binding reaches equilibrium

Ž .probably very rapidly Van Waarde et al., 1996 and will
therefore not be the rate-limiting step for ligand uptake.

Third, specific pharmacokinetic features, like hepatic
Ž .metabolism, diffusion barriers blood–brain barrier , clear-

Ž .ance or excretion Raffel et al., 1991 may also result in a
decrease of the availability of intact radioligand and cause
a lower apparent affinity in vivo.

4.1.3. Subtype specificity
S-1X-fluorocarazolol exhibits subtype specificity for b -2

adrenoceptors; the in vitro affinity for b -adrenoceptors is1
Ž Ž .4 times smaller than for b -adrenoceptors pK b s9.4,2 i 1

Ž . . Ž .pK b s10.0 Van Waarde et al., 1997 . If the radioli-i 2

gand exhibits the same property in vivo, and considering
that uptake of S-1X-fluorocarazolol really reflects specific
binding to adrenoceptors, the amount of displacement and

Ž . Ž .the affinity IC in vivo this report , should correlate to50

the fraction of b -adrenoceptors as determined in vitro.1

Indeed, in tissue containing mainly b -adrenoceptors like1
Žthe cortex 70–88% b : Minneman et al., 1979; Petrovic et1

al., 1983; Rainbow et al., 1984; Tiong and Richardson,
. Ž1989 and the heart 66–83% b : Minneman et al., 1979;1

.Vago et al., 1984; Tumer et al., 1990; Cerbai et al., 1995 ,
Ža greater displacement and higher IC values Fig. 2 and50

.Table 2 were found than in tissue containing only a small
Žfraction of b -adrenoceptors, like the cerebellum 2–15%1

b : Minneman et al., 1979; Pittman et al., 1980; Rainbow1
.et al., 1984; Levin and Dunn-Meynell, 1989 and the lungs

Ž15–34% b : Barnett et al., 1978; Minneman et al., 1979;1
.Whitsett et al., 1981; Winter et al., 1986 .

X [18 ]4.2. Suitability of S-1 - F fluorocarazolol for in ÕiÕo
quantification of b-adrenoceptor densities

In order to be suitable for quantitative imaging of
receptors, a radioligand should display certain character-
istics.

First, the radioligand should metabolize as slowly as
possible and its metabolites should accumulate very little

X w18 xin target tissues. Previous studies with S-1- F fluoro-
carazolol have demonstrated that at 10 min p.i., only 20%
Ž . Ž .Elsinga et al., 1996 and 47% Van Waarde et al., 1997
of the total radioactivity in respectively rat and human
plasma co-eluted with the parent compound. Sixty min

Ž .after injection only 5% Elsinga et al., 1996 and 20%
Ž .Van Waarde et al., 1997 of the original compound is
present in rat and human plasma, respectively. This sug-

X w18 xgests a rapid metabolism of S-1- F fluorocarazolol by
the liver. Therefore, the tracer-kinetic model should ac-
count for plasma metabolites in order to obtain a correct
input function.

In the brain, relatively small amounts of radioactive
X w18 x ŽS-1- F fluorocarazolol-metabolites are found 18.6 to

.24.5% , 60 min after injection. However, these amounts
Žare larger than those found in heart and lung respectively

. Ž11.3 and 4.9% . The fraction of parent compound 75.5 to
.81.4% in the rat brain is in the range of those of other

well-known radioligands, like 76 Br-labelled quinuclidinyl
Ž . Ž Žphenylacetate QNP isomers 70–100% Strijckmans et

..al., 1997 .
Some suggestions can be made about the nature of the

radioactive metabolites. Cerebellum, cortex and the rest of
the rat brain showed only one metabolite, corresponding to
the most polar one of the two compounds found in my-

Ž . Žocardial and pulmonary tissue Fig. 5 see also Elsinga et
. X w18 xal., 1996 . This suggests that the S-1- F fluorocarazolol

metabolites, found in the rat 60 min after injection, are
formed in the liver and that the more polar compound
penetrates the blood–brain barrier, while the other metabo-
lite is unable to reach the brain, which is surprising since
polar compounds are usually hardly transported over the
blood–brain barrier. A common metabolic pathway of
b-antagonists with an isopropyl group like propranolol, is
the oxidative N-dealkylation, yielding N-desisopro-

Žpylpropranolol in combination with acetone Bakke et al.,
.1973; Vu and Abramson, 1980 . Therefore, it is possible

X w18 xthat the most polar radioactive metabolite of S-1- F fluo-
rocarazolol is fluoroacetone, which can cross the blood–
brain barrier. Since the contribution of labelled metabolites
to radioactivity in the brain is low and within range of
those of well-known radioligands and the polar metabolite
will not bind to b-adrenoceptors, we suppose that tracer
metabolism does not preclude quantitative receptor imag-
ing in the brain.

The second criterion for an appropriate model concerns
the possibility to saturate the receptors by addition of
non-radioactive S-1X-fluorocarazolol and occurrence of low
occupancy of adrenoceptors by the tracer at the non-carrier
added level. Indeed S-1X-fluorocarazolol was able to satu-
rate b-adrenoceptors. Furthermore, the saturation curves
clearly show that a higher dose was required to saturate
b-adrenoceptors in cerebral tissue than in peripheral or-

Ž .gans Figs. 3 and 4 , which must be considered when
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designing the multiple injection protocol. However, the rat
data cannot be applied directly in the protocol, because
these saturation data are merely an indication of the occu-
pancy of the receptors. Moreover, pharmacokinetic charac-
teristics differ between species, so extrapolation of rat data
to human studies should be performed with the necessary
caution. Furthermore, it should be noted that at doses of
S-1X-fluorocarazolol comparable to those used in the biodis-

Ž .tribution studies 5–100 pmolrkg , the tissue uptake val-
ues for cortex in these saturation studies are higher than
those determined from blocking and displacement studies.
This discrepancy could be attributed to the use of different

Ž .rat strains see Section 2 .
Our values for B , determined from in vivo saturationmax

studies, are expressed as pmol gy1 tissue wet weight
Ž .Table 2 . Literature data based on in vitro binding assays
are usually expressed as fmol mgy1 protein and are there-
fore not directly comparable. However, a few authors have
published receptor densities in terms of pmol gy1 tissue
wet weight, which enables comparison with our data.

In vitro and in vivo assays have indicated a b-adreno-
ceptor density of 5–10 pmol gy1 wet weight in rat heart
ŽU’Prichard et al., 1978; Raffel et al., 1990; Sisson et al.,

.1991; Law, 1993 which compares favourably with our
y1 Ž .estimation of 6.9 pmol g Table 2 . Literature data for

rat lung show a very large variation: from 3.4 pmol gy1

Ž . y1 ŽU’Prichard et al., 1978 to 45 pmol g wet weight Law,
. y1 Ž .1993 ; our value of 14.4 pmol g Table 2 is intermedi-

ate. b-Adrenoceptor densities per gram packed erythro-
cytes have not been reported in the literature. In vitro
assays have indicated a B of 6–20 pmol gy1 tissue inmax

Žrat cerebral cortex Bylund and Snyder, 1976; Bergstrom
and Kellar, 1979; Schweitzer et al., 1979; Wagner et al.,
1979; Abel et al., 1983; Byerley et al., 1988; Grimm et al.,

. y11992 ; our estimation of 12.3 pmol g is in the middle of
this range. For rat cerebellum, data per gram tissue are not
available, but it is known that b-adrenoceptor densities in
this part of the brain are one-third to one-half of those in

Žcerebral cortex U’Prichard et al., 1980; Biegon and Is-
.raeli, 1986; O’Donnell, 1988; Brannan et al., 1995 . Thus,

our estimate of 4.6 pmol gy1 cerebellum fits with the 12.3
pmol gy1 which we found in cerebral cortex.

Third, for the experimental design of the model de-
scribed by Delforge et al., 1991, the radioligand should
dissociate from the receptor. In dynamic PET studies it

X w18 xwas shown that in control rats S-1- F fluorocarazolol
Župtake in the head occurs within 2 min PET study not

.shown , so a chase experiment with an excessive dose of
propranolol, 5 min after radioligand injection, is appropri-
ate to demonstrate reversibility of the radioligand binding.

X w18 xIn this study S-1- F fluorocarazolol could be signifi-
cantly displaced from tissues containing b-adrenoceptors.
Brain regions known to have little b-adrenoceptors, such

Ž .as medulla and pons Rainbow et al., 1984 showed no
reversible uptake, indicating that the uptake in these re-
gions mainly consists of non-specific binding. After a

propranolol chase levels of radioactivity in plasma and
liver were increased. This can be expected since the dis-
placed radioligand is transported to excretory organs.

Considering the above, it can be concluded that S-1X-
w18 xF fluorocarazolol is a suitable radioligand for in vivo
measurement of b-adrenoceptor densities, fulfilling the
criteria necessary for the tracer-kinetic model proposed by
Delforge et al., 1991. However, since such a model re-
quires multiple- and possibly carrier-added administration
of radioligand, a toxicological study should be performed
before a multiple-injection protocol is applied in humans.
Naturally, differences between the pharmacokinetic fea-
tures of the radioligand in rats and humans, should also be
considered when applying the tracer-kinetic model.

The aim of this study was to investigate the suitability
X w18 xof S-1- F fluorocarazolol as a PET radioligand for visu-

alizing and quantifying central b-adrenoceptors in vivo.
X w18 xS-1- F fluorocarazolol proved to be an appropriate radi-

Ž .oligand for imaging of central b-adrenoceptors since: i
X w18 xS-1- F fluorocarazolol uptake reflects specific binding to

b-adrenoceptors; ligand accumulation in the brain can be
blocked by pre-treating rats with S-propranolol, and re-
gional distribution of 18 F in these brain regions corre-
sponds to regional b adrenoceptor densities known from in

w125 x Ž .vitro autoradiography with I iodocyanopindolol; ii
X w18 xBinding of S-1- F fluorocarazolol to atypical or non-b-

adrenergic sites seems negligible.
X w18 xFurthermore, S-1- F fluorocarazolol is suitable for

quantification of central b-adrenoceptors in vivo with an
Ž . 18appropriate tracer-kinetic model, since i levels of F-

Ž .labeled metabolites in cerebral tissue are relatively low, ii
values for tissue B determined from in vivo saturationmax

experiments are within the range of those measured in in
Ž . X w18 xvitro binding assays, iii bound S-1- F fluorocarazolol

X w18 xcan be displaced, indicating that S-1- F fluorocarazolol
binding is reversible.

In conclusion, its specificity for b-adrenoceptors, rela-
tively minor formation of metabolites and reversible bind-
ing, in combination with its potential to penetrate the

X w18 xblood–brain barrier, indicate that S-1- F fluorocarazolol
is a suitable radioligand for quantitative imaging of b-
adrenoceptors in vivo, with PET. This radioligand may be
used in scientific and clinical research of central b-adren-

Ž .oceptors and their properties in patho- physiological con-
ditions.
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