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Abstract
The goal of this study was to investigate the binding characteristics of [11C]KR31173 and its
applicability for PET studies of the AT1 receptor (AT1R).

Methods—Ex vivo biodistribution and pharmacology were tested in mice. PET imaging was
performed in mice, beagle dogs, and a baboon. To assess nonspecific binding, PET imaging was
performed both before and after pretreatment with a potent AT1R antagonist. In the baboon, PET
imaging was also performed with the previously developed radioligand [11C]L-159,884 for
comparison.

Results—Ex vivo biodistribution studies in mice showed specific binding rates of 80-90% in the
adrenals, kidneys, lungs, and heart. Specific binding was confirmed in mice using small animal PET.
In dogs, renal cortex tissue concentration at 75-95 min post-injection was 63 nCi/mL/mCi at a specific
binding rate of 95%. In the baboon renal cortex, tissue activity at 55-75 min post injection was 345
nCi/mL/mCi. The specific binding of [11C]KR31173 was higher (81%) in the baboon than the
specific binding of [11C]L-159,884 (34%).

Conclusion—[11C]KR31173 shows accumulation and significant specific binding to the AT1R in
the kidneys of mice, dogs, and baboon. These findings suggest that this radioligand is suited for
imaging the renal cortical AT1R in multiple species.
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1. Introduction
The angiotensin II subtype 1 receptor (AT1R) plays an essential role in the regulation of arterial
blood pressure and is involved in the regulation of blood vessel contraction, water intake, renal
blood flow, glomerular filtration, sodium and water reabsorption and aldosterone secretion
[1]. The AT1R has been implicated in the pathogenesis of various types of arterial hypertension,
although its exact role and mechanism of involvement are largely unknown [2]. Development
of methods for imaging and quantification of the AT1R by PET are of potential interest since
they may help investigate the regulation of this important receptor by various physiological,
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pharmacological and pathological stimuli. For example, the AT1R selective radioligand [11C]
L-159,884 [3-5] has been used to investigate regulation of the AT1R in experimental animals
for the first time in vivo. These PET studies demonstrated that increasing dietary sodium
upregulates while decreasing dietary sodium downregulates canine AT1R [6]. This observation
will contribute to the understanding of the role of the AT1R in sodium sensitive hypertension
of humans. Another set of in vivo experiments demonstrated that estrogen deficiency
upregulated while hormone replacement in estrogen deficient dogs downregulated the AT1R
[7]. This observation will help elucidate the role of estrogen in the regulation of the AT1R and
the relationship between hormone deficiency and arterial hypertension of the menopause.

Although animal studies have endorsed the premise that PET could be used to study the
regulation of AT1R in vivo in animals, human studies have not been performed due to lack of
a suitable radiopharmaceutical. Recently, a potent and selective AT1R antagonist, KR31173,
has been radiolabeled with carbon-11 for PET which demonstrated promising biodistribution
and pharmacological properties in mice [8]. The goal of these experiments was to investigate
the in vivo binding characteristics of [11C]KR31173 and test its potential applicability in mice,
dogs, and baboons.

2. Materials and Methods
2.1. Synthesis of [11C]KR31173

KR31173 (2-Butyl-5-methoxymethyl-6-(1-oxopyridin-2-yl)-3-[[2-(1H-tetrazol-5-yl)
biphenyl-4-yl]methyl]-3H-imidazo[4,5-b]pyridine was radiolabeled by coupling a tetrazole-
protected hydroxy precursor with [11C]methyl iodide and removing the protecting group by
acid hydrolysis. The original procedure [8] has been modified by using anhydrous
tetrahydrofuran (THF) as the reaction solvent (Scheme 1).

2.2. Ex Vivo Biodistribution and Pharmacology in Mice
Healthy male CD-1 mice (weight range 27-31 g) were housed and cared for according to the
Johns Hopkins University Animal Care and Use Guidelines and governmental regulations. The
animals were injected via the tail vein with 21 MBq (0.56 mCi) of [11C]KR31173 at a specific
activity of 253 GBq/μmol (6,841 mCi/μmol). The injected mass was 0.04 μg. To assess the
degree of specific binding and binding selectivity, the animals were pretreated 30 minutes prior
to radioligand administration by intraperitoneal injection of either saline (n=4), the AT1R
antagonist SK-1080 [9] (n=4), or the AT2 receptor antagonist PD123,319 (n=4). The binding
affinity of KR31173 to the AT1R determined using rat liver homogenates is IC50 = 3.27 nM
[8]. In comparison, the binding affinity of SK-1080 to the AT1R determined on rat liver
homogenates is IC50 = 11.6 nM, while determined on human receptors it is IC50 = 1.01 nM
[8]. The dose for the antagonists was 2 mg/kg administered in 0.2 mL. The mice were sacrificed
by cervical dislocation 60 minutes after radioligand injection. Organs of interest (brain, heart,
lungs, liver, kidneys, adrenal glands and blood) were removed and weighed and radioactivity
in the tissue samples was measured in an automated gamma counter (1282 Compugamma CS
Universal Gamma Counter, LKB, Wallac, Finland). Standards were prepared as aliquots of the
injected activity and were counted together with the tissue samples. All measurements were
corrected for background activity and for radioactive decay. Radioligand binding was
expressed in percent injected dose per organ (%ID/organ) and percent injected dose per gram
of tissue (%ID/g).

2.3. In Vivo Biodistribution and Pharmacology in Mice
Healthy, non-fasted, male CD-1 mice (n=13, 30-44 g) were imaged with an
‘ATLAS’ (Advanced Technology Laboratory Animal Scanner, National Institutes of Health,
Bethesda, Maryland) small animal PET scanner [10]. The animals were premedicated with a
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mixture of ketamine - acepromazine - saline (1:1:2; 50 μL/22 g, subcutaneous), and anesthesia
was maintained with isoflurane 0.5-1.0% at 0.4-1.0 L/min. Thirty minutes prior to radioligand
administration, the animals were pretreated intraperitoneally with either saline (n=7) or 2 mg/
kg of the AT1R antagonist SK-1080 (n=6). The animals were positioned with both kidneys in
the PET scanner field of view. After injection of an average dose of 13 MBq (0.36 mCi) of
[11C]KR31173 at a specific activity of 345 GBq/μmol (9,327 mCi/μmol) via the tail vein, a
dynamic PET study was performed for 60 minutes with the following image sequence: four
15 sec images, three 1 min images, three 2 min images, six 5 min images and two 10 min
images.

2.4. PET Imaging in Dogs
PET imaging was performed in male beagle dogs (n=3, 15.5 ± 0.5 kg) using a GE Advance
PET scanner (GE Medical Systems, Milwaukee, WI). After 12 hours of fasting, the dogs were
premedicated with acepromazine (0.2 mg/kg IM) and were anesthetized intravenously with
sodium pentobarbital (25 mg/kg). Additional pentobarbital was administered during the
imaging study at a rate of 3 mg/kg/h. The animals were intubated during the PET imaging
study. Heart rate, blood pressure and oxygen saturation were monitored continuously. One
femoral artery line was placed to obtain the arterial input function. Two peripheral venous lines
were placed for fluid replacement, anesthesia administration and tracer injection. The kidneys
were localized with a mobile ultrasound device (Ultramark 4, Advanced Technology
Laboratories, Seattle, WA) and the animals were positioned with both kidneys in the PET
scanner field of view. A transmission scan was obtained with a pair of 370 MBq Germanium-68
pin sources. Subsequently, two dynamic PET studies were performed with [11C]KR31173 set
135 minutes apart. The injected dose was 275 ± 58 MBq (7.43 ± 1.57 mCi) at a specific activity
of 113 GBq/μmol (3,045 mCi/μmol). The first PET study was performed as a baseline scan.
The purpose of the second study was to assess nonspecific binding, and for this second study
the animal received 1 mg/kg of SK-1080 injected intravenously 30 minutes prior to the
radiotracer. PET imaging was performed for 95 minutes with the following protocol: four 15
sec images, three 1 min images, three 2 min images, three 5 min images, three 10 min images
and two 20 min images.

2.5. PET Imaging in a Baboon
Anesthesia was induced in one male Papio anubis baboon (24 kg) by intramuscular injection
of 9 mg/kg Saffan (Pitman-Moore, Middlesex, U.K.) and was maintained with intravenous
(IV) infusion of Saffan at a rate of 7 mg/kg/h. The animal was intubated, and heart rate, blood
pressure, and oxygen saturation were continuously monitored. [11C]KR31173 was injected
intravenously in an average dose of 345 MBq (9.34 mCi) at a specific activity of 291 GBq/
μmol (7,865 mCi/μmol). The baboon was also imaged with [11C]L-159,884 that was injected
intravenously in a dose of 530 MBq (14.3 mCi) at a specific activity of 243 GBq/μmol (6,557
mCi/μmol). The AT1R binding affinity of L-159,884 determined on rabbit aorta tissue is
IC50 = 0.08 nM [3]. The two radiopharmaceuticals were tested in the same animal 2 months
apart. Specific binding was measured by performing a baseline and a post SK-1080 (1 mg/kg
IV) study on the same day. PET imaging was performed for 75 minutes with the following
protocol: four 15 sec images, three 1 min images, three 2 min images, three 5 min images, three
10 min images and one 20 min image.

2.6. PET Image Processing
In mice, PET scans were reconstructed using the ordered subset expectation maximization
(OSEM) algorithm with resolution recovery [11]. In dogs and baboons, the PET images were
reconstructed by filtered-back-projection using a ramp filter. Image smoothing was applied
only for display purposes. To obtain time activity curves (Tissue concentration curves), regions
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of interests (ROI) were marked out around the entire kidney in mice and the renal cortex in
dogs and baboons. All curves were corrected for isotope decay and injected dose and were
expressed in nCi/mL tissue/mCi injected dose.

For quantification of radioligand binding, an input function was obtained in dogs and baboons.
Arterial blood samples (0.5 mL) were collected every 5-8 seconds during the first 2 minutes
post injection and at increasing time intervals thereafter. Identical aliquots (0.2 mL) of plasma
were obtained by centrifugation and were counted in a well type counter (1282 Compugamma
CS Universal Gamma Counter, LKB, Wallac, Finland) cross-calibrated with the PET scanner.
Additional arterial blood samples (1 mL) were collected at six time points (5, 15, 30, 45, 60
and 90 min p.i.) to measure the unmetabolized tracer fraction using high performance liquid
chromatography (HPLC) of the separated plasma samples. The input function was corrected
for metabolites by multiplying with the unmetabolized fraction. Since the average number of
data points for the uncorrected input function was 35 compared with only 6 data points for
HPLC, the unmetabolized fraction at the 35 time points was calculated by interpolation based
on a bi-exponential curve fit.

2.7. Metabolism, Plasma Protein Binding and Urinary Excretion
Plasma metabolites were analyzed by a column-switch HPLC method [12]. Briefly, up to 3
mL plasma or plasma plus water was added to urea and citric acid (50 mg) to create a plasma
sample in acidified 8M urea. The sample was passed through a capture column containing
Oasis sorbent (Waters Corporation, Milford, MA). The parent compound and lipophilic
metabolites were eluted from the capture column onto an analytical HPLC column (Prodigy
C8, 4.6 × 150 mm, Phenomenex, Torrance, CA) by solvent (50% acetonitrile, 50% 100 mM
triethylamine acetate buffer pH 4.1) at a flow rate of 2 mL/min. The effluents from both the
capture and analytical column passed through a radiation detector. The peak areas were
recorded and the fraction of total radioactivity present as the parent compound was determined.

Protein binding was assessed using dextran-coated charcoal to trap bound ligand and based on
the methods described by Khurana [13] and Yuan [14]. Fifty μL of the injected tracer was
added to 2.5 mL of plasma and allowed to equilibrate at room temperature for 10 min. Plasma
plus tracer was rapidly added to 60 mg of dextran-coated charcoal and vortexed immediately
(t=0). 200 μL samples were removed at intervals and the charcoal separated rapidly by
centrifugation. Duplicate aliquots of the supernatants were counted. The time course (percent
ligand bound to protein vs. time) was fitted to a bi-exponential curve extrapolated to zero time.
This value represented percent bound ligand in the initial plasma. An estimate of the fraction
of ligand very tightly bound was given by the percent ligand still bound to plasma after 30 min.
Results of protein binding measurements were not included in tracer kinetic modeling and
quantification of tracer binding.

In dogs and the baboon, a pediatric size urethra catheter was placed during the PET studies
and urine was collected before radiotracer injection and for three time intervals after injection:
0-30 min, 31-60 min, and 61-90 min. Urine volume was determined and radioactivity
concentration was measured with a well type gamma counter. Radioligand metabolites were
determined with the HPLC method used for analysis of the plasma samples.

2.8. Quantification of Radiotracer Binding
The PET scans obtained in mice were normalized to injected dose, and the derived time activity
curves were averaged between animals. Tissue concentrations measured 10-60 minutes post
injection were used to assess total binding (baseline study) and nonspecific binding (post
SK-1080 study). One control animal was always imaged simultaneously with a second animal
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that was pretreated with 2 mg/kg intraperitoneal SK-1080. The time activity curves were shifted
to account for the time difference between injections.

In dogs and baboons, time activity curves and the input function were cross-calibrated. The
distribution volume of the radioligand was calculated from these data using Logan's graphical
method [15]. Selection of the most appropriate graphical method was based on the impulse
response function that was obtained by deconvolution analysis [16]. The model was also
confirmed by the fact that the Gjedde-Patlak plot resulted in an imperfect graphical fit [17,
18]. Radioligand distribution volumes were expressed in mean ± standard deviation. Drug
effects were tested with the simple or paired t test; P < 0.05 was considered statistically
significant.

3. Results
3.1. Ex Vivo Biodistribution and Pharmacology in Mice

Sixty minutes after injection of [11C]KR31173, the tissue concentration was highest in the
adrenals (27.3 ± 6.4 %ID/g) followed by the kidneys (11.3 ± 1.0 %ID/g), liver (8.9 ± 0.6 %ID/
g), lungs (5.75 ± 0.5 %ID/g), and heart (2.5 ± 0.4 %ID/g) (Figure 1). No substantial tissue
activity was measured in the brain, and only minimal activity was present in the blood.
Pretreatment with SK-1080 significantly reduced (paired t test; p=0.0001-0.01) accumulation
of the radioligand in the adrenal glands (98% inhibition), lungs (96% inhibition), heart (96%
inhibition) and kidneys (82% inhibition). Thus, specific binding in these organs was over 80%.
Although the activity in the liver was reduced by 33% on average, this change was not
statistically significant (p=0.11). Pretreatment with PD123,319 resulted in no statistically
significant change of binding in the heart, lungs, kidneys, adrenals, or liver (Figure 1).

3.2. In Vivo Biodistribution and Pharmacology in Mice
PET scans obtained in mice demonstrated distinct radioligand accumulation in the kidneys:
tissue activity was high in the control animal and was reduced in the animal pretreated with
SK-1080 (Figure 2). Liver activity was seen in the control animal and it appeared higher than
renal activity. Time activity curves derived from the kidneys were used to calculate specific
binding from the difference between the control animal and the SK-1080 treated animal. After
pretreatment with SK-1080, renal uptake of the radioligand was inhibited by 49 ± 6% at 10-60
minutes.

3.3. PET Imaging in Dogs
PET scans obtained 75-95 minutes post injection showed distinct accumulation of [11C]
KR31173 in the canine adrenal and renal cortex. Neither the adrenals nor the renal cortex could
be distinguished by PET imaging within this same time frame if the animal was pretreated with
SK-1080 (Figure 3). In the control animal, activity was also seen in the liver and was higher
than the activity in the kidneys. After pretreatment activity in the liver decreased and activity
was observed in the bowel. Time-activity curves showed that tissue concentration of the
radioligand peaked 2-3 minutes post injection at 600 nCi/mL/mCi of injected dose. This was
followed by rapid decline to 40% of the peak activity within 7 min. In the remaining time of
imaging, the decline was slower ending with 10% of the peak activity by 75-95 min (Figure
4). Dogs were also imaged with [11C]KR31173 prepared with the originally published method
of radiosynthesis [8]. At 75-95 min post injection tissue activity was 63 nCi/mL/mCi ID and
was reduced by 48% after SK-1080 pretreatment. With the present, improved radiosynthesis
of [11C]KR31173, tissue concentration was very similar 75-95 min post injection (63 nCi/mL/
mCi ID) but specific binding was much higher, 92% as determined after AT1R antagonist
pretreatment. The difference between the baseline and post SK-1080 time-activity curves was
confirmed by the Logan graphical display and by the distribution volumes. The distribution
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volume decreased from a baseline value of 5.71 ± 0.56 to a post SK-1080 value of 0.90 ± 0.13,
corresponding to 84% specific binding. With both radiosynthesis techniques, the tissue
concentration of [11C]KR31173 in the canine renal cortex was lower than the tissue
concentration published for [11C]L-159,884 [5].

3.4. PET Imaging in a Baboon
In the baboon, [11C]KR31173 resulted in considerably higher activity in the renal cortex than
[11C]L-159,884 at 55-75 minutes post injection (345 nCi/cc/mCi ID and 96 nCi/cc/mCi ID,
respectively). Pretreatment with SK-1080 reduced the renal cortical concentration of [11C]
KR31173 by 81% and of [11C]L-159,884 by 34% (Figures 5 & 6). The tissue distribution
volume obtained by the Logan graphical method confirmed the binding data derived from the
time-activity curves: the distribution volume of [11C]KR31173 was approximately 8 times
higher than the distribution volume of [11C]L-159,884 (13 vs. 1.5). In the baboon, specific
binding estimated from the distribution volumes was also higher for [11C]KR31173 than for
[11C]L-159,884 (92% vs. 12%).

3.5. Metabolism, Plasma Protein binding and Urinary Excretion
In dogs, the observed metabolism of [11C]KR31173 significantly decreased with the new
radiosynthesis method (from ∼61% to 15% at 90 minutes, paired t test; p=0.0001). In the
baboon only the new method of synthesis was used and resulted in 21% plasma metabolites
90 minutes after injection. Plasma protein binding of the both radioligands, [11C]KR31173 and
[11C]L-159,884, was determined in dog, baboon, and human plasma. In plasma samples of all
three species, protein binding of [11C]KR31173 obtained by extrapolation to t=0 was lower
than [11C]L-159,884 (Table 1). Protein binding was lowest in dog plasma, intermediate in
baboon plasma, and highest in human plasma (83%). The extent of very tight protein binding
of [11C]KR31173 was low in human plasma (9%), and almost absent in baboon and dog plasma
samples (1-2%). In comparison, both total protein binding and very tight protein binding of
[11C]L-159,884 was high in human plasma and was also higher in baboon and dog plasma
samples (Table 1). Urinary excretion of [11C]KR31173 during 90 minutes post injection was
9-12% in dogs and 12-18% in baboons. Urinary excretion was in the form of unmetabolized
tracer; metabolized tracer accounted only for 2-5% of urinary activity in dogs and 6-9% of
urinary activity in the baboon.

4. Discussion
The AT1R is the target of angiotensin II and a key molecular component of arterial blood
pressure regulation. Interestingly, no studies have been conducted to investigate the modulation
of this receptor in humans by drugs, hormones or physiological stimuli such as dietary sodium
or its expression in various forms of arterial hypertension. Such studies will become feasible
as soon as a suitable radioligand becomes available for quantitative imaging of the AT1R in
humans. The presented data from biodistribution, pharmacology and small animal PET
experiments in mice as well as PET imaging in dogs and baboon indicate that [11C]KR31173
can be used as a radiotracer for PET imaging of the AT1R across multiple species.

Ex vivo studies demonstrated that the uptake and retention of the radioligand correlates with
the distribution of the AT1R; it is high in the mouse adrenal gland, kidney, lung, and heart.
Organ to blood ratios are very high. Uptake in liver is also very high but lower than the uptake
in the kidneys and adrenals. This liver uptake may be disadvantageous since it appears to be
nonspecific in mice. The liver does possess angiotensin receptors [19], and 33% of [11C]
KR31173 binding could be displaced by the competitive antagonist SK-1080. [11C]KR31173
does not cross the blood brain barrier and its binding to the AT1R in the brain is undetectable
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[8]. In none of the investigated organs was binding of [11C]KR31173 affected by the AT2
receptor antagonist PD123,319 confirming selectivity of the radioligand for the AT1R.

High specific binding in the renal cortex will permit imaging studies of the AT1R of the kidneys.
Besides the adrenals and the myocardium, the kidney is probably the most important organ for
the presence and role of the AT1R. Uptake in the adrenals of mice appears to be very high
although accurate measurements are complicated by the small size and irregular shape of the
organ. Both ex vivo and in vivo quantification will be affected by partial volume effects but in
vivo measurements with PET are expected to result in an overall much stronger partial volume
effect than ex vivo measurements. Of importance is the high specific binding in the myocardium
(96%), albeit with 2.5% ID/g tissue the total uptake is nearly 5 times lower than the uptake in
the kidneys. The high specific uptake in the heart may be utilized in the future for imaging the
AT1R in ischemic and idiopathic cardiomyopathy where upregulation of the receptor has been
reported [20,21]. Of particular interest for future human applications is that angiotensin II
stimulates apoptosis in ischemic cardiomyopathy [22].

The small animal PET studies of mouse kidneys confirmed the results of ex vivo binding
studies. Image quality was sufficient to derive time activity curves and estimate specific binding
in the organ. Specific binding estimated from PET was 49% compared to over 82% estimated
by ex vivo counting. The difference is attributed to the partial volume effects of the small animal
PET scanner.

There is a potential saturation of the receptors in mice by the unlabeled drug during
biodistribution studies. The specific activity for these injections was 6000-9000 mCi/μmol and
the average injected mass was 0.025 μg or 0.00005 μmol. This corresponded to an administered
dose of 0.002 μmol/kg, 1-2 orders of magnitude lower than the ED50 values of potent
angiotensin receptor antagonists tested in vivo [4]. Although dose response measurements were
not performed, the measured high specific binding (Figure 2) indicated that receptor saturation
was likely insignificant.

To perform pharmacological and physiological perturbation studies in small animals with
higher quantitative accuracy in estimating receptor binding alterations, further improvements
in detector technology and image reconstruction algorithms will be valuable. Publications on
partial volume correction of small animal PET images are limited [23]. These studies could be
potentially interesting since transgenic mice overexpressing the human AT1R are available
[24]. A clear advantage of the small animal imaging studies is that effects of different drugs
or effects of different doses of the same drug can be investigated in vivo.

The quality of PET images in dogs was excellent; the radioligand concentrated predominantly
in the renal cortex, just like [11C]L-159,884. Although the activity in the liver was higher than
in the kidneys, both kidneys could be clearly visualized. Quantitative analysis showed that the
uptake of [11C]KR31173 in the last frame (63 nCi/mL/mCi ID) was only 50% of the uptake
of [11C]L-159,884 [5]. The specific binding of [11C]KR31173, however, was 92%, twice as
high as the specific binding of [11C]L-159,884 [5]. Animals with appropriate sized kidneys
such as dogs, swine or micro-swine represent excellent substitutes for development and testing
of new image reconstruction and data analysis techniques and biological models for receptor
studies. For investigations of the effects of hormones and dietary sodium on the kidneys,
[11C]L-159,884 is a well suited tracer in dogs [6,7]. However, [11C]KR31173 may be
preferable for immediate transition to human studies, for example, for development and testing
of image reconstruction algorithms and tracer kinetic models.

There are important differences between the two radioligands. First, the in vitro receptor
binding affinity of [11C]L-159,884 is higher than the affinity of [11C]KR31173. Since the
dissociation of [11C]L-159,884 from the receptor is slow, its binding has been quantified by
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the Gjedde-Patlak graphical method [5]. For comparison with [11C]KR31173, it was quantified
using the Logan plot in this work. Due to its lower receptor binding affinity, [11C]KR31173
demonstrates faster dissociation from the receptor and can be quantified by the Logan plot
[15] (Figure 4b). Faster dissociation from binding sites may be advantageous for dynamic PET
imaging of kidneys, heart and other organs. If the goal is to image expressing the angiotensin
receptor, such as pancreatic cancer or aldosteronoma [25-27], a slower dissociation from
binding sites may be desirable. Two obvious advantages of [11C]KR31173 are slow
metabolism and low plasma protein binding, both lead to higher accumulation in the renal
parenchyma.

High activity was observed in the dog adrenal and renal cortex, tissues which have a high
density of AT1Rs. Uptake in the liver was also very high (Figure 3). The hepatobiliary system
is apparently involved in the excretion of [11C]KR31173, and a significant component of
radioligand accumulation in the liver parenchyma is related to this mechanism. Activity in the
bowel can be considerable and correlative imaging with MRI or CT as well as application of
image recovery technologies may be needed to differentiate activity in the kidneys or adrenals
from activity in the liver, gall bladder or bowel. Pretreatment with SK-1080 resulted in reduced
binding in the liver of dogs (Figure 3) which indicated presence of specific binding sites in the
liver as well. The AT1R has been shown to be expressed in the liver of dogs and to undergo
hormonal regulation in in vivo models [7]. If one could minimize hepatobiliary excretion and
hepatic metabolism of a radioligand, the AT1R of the liver could also represent an interesting
imaging target since AT1R antagonists have a favorable effect in ischemia reperfusion injury
of the liver [28].

Dogs, baboons, and probably pigs can be used as animal models for human AT1R imaging
since, in contrast to rodents in which two subtypes, AT1a and AT1b, have been discovered,
dogs, baboons and pigs, like humans, possess only one subtype of these receptors, i.e., AT1R.
The PET images showed high [11C]KR31173 binding in the adrenal glands of dogs and a
baboon, confirming the ex vivo binding studies performed in mice. The adrenals have a very
high density of the AT1R which also undergoes hormonal regulation [7,29] and is involved in
the regulation of the biosynthesis and secretion of aldosterone [30-33]. Of potential interest
for imaging studies is the application of AT1R PET in aldosterone producing tumors. In
aldosterone producing adrenocortical adenomas, the AT1R is co-expressed with the
adrenocorticotropic hormone (ACTH) receptor and expression of both receptors correlates
with the functional status of the adenoma. The predominant angiotensin II receptor expressed
in adrenocortical tumors is the AT1R whereas AT2 receptor expression is minimal [34].

[11C]KR31173 showed higher uptake and higher specific binding in the baboon kidney than
in dogs. On the other hand, [11C]L-159,884 showed only modest uptake in the primate kidney.
Thus, [11C]KR31173 is a promising radioligand for future PET studies in non-human primates
as well as in humans. In all tested animal species [11C]KR31173 exhibits lower protein binding
and a smaller fraction of tightly bound ligand than [11C]L-159,884 which makes more free
radioligand available to reach the AT1R via circulation. Indeed, in the baboon [11C]KR31173
showed higher uptake and more specific binding in correlation with its lower protein binding
when compared to [11C]L-159,884.

5. Conclusion
Biodistribution and pharmacological testing in mice as well as PET imaging in mice, dogs and
baboons indicate that [11C]KR31173 can be used as a radiotracer for PET imaging of the
AT1 receptor. Its binding is selective with a high specific binding component across species.
High uptake in the baboon renal cortex and adrenal indicate that this tracer has the potential to
be used in human PET studies of the AT1R. Potential applications include the investigation of
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regulatory effects of dietary sodium intake, hormone replacement therapy, and alterations of
the AT1R in renovascular hypertension, essential hypertension, and aldosterone producing
adenomas.
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Scheme 1.
Synthesis of [11C]KR31173.
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Figure 1.
Distribution of [11C]KR31173 determined ex vivo in mice and effect of the AT1 receptor
antagonist SK-1080 (2 mg/kg) and AT2 receptor antagonist PD123,319 (2 mg/kg) in various
organs 60 minutes after tracer administration. Bars represent the mean ± standard deviation of
% injected dose/gram tissue. Significant differences at p<0.01 are marked with a star (*).
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Figure 2.
PET scan of mice acquired 50-60 min after injection of [11C]KR31173. Two mice were imaged
simultaneously under isoflurane anesthesia, one control (left) and another one pretreated with
SK-1080 (2 mg/kg; right). The images are calibrated for comparability purposes but not in
units of radioactivity/tissue volume.
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Figure 3.
PET images of canine upper abdomen acquired 75-95 minutes after injection of [11C]KR31173
without (left) and with (right) pre-injection of 1 mg/kg SK-1080. PET imaging was performed
under sodium pentobarbital anesthesia. The animal received 7 mCi of [11C]KR31173 for the
baseline scan and 6.5 mCi of [11C]KR31173 for the post-treatment scan. Coronal images were
reconstructed, normalized to the injected dose and displayed together with the color calibration
bar.
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Figure 4a.
Averaged time-activity curves of [11C]KR31173 in the renal cortex of control (n=3) and
SK-1080 (1 mg/kg iv.) treated (n=3) dogs.
Figure 4b Logan transformed time activity curves of the left kidney time activity curves of the
first animal at baseline and post SK-1080. The distribution volume (slope) decreased from a
baseline 6.29 to a post SK-1080 value of 0.70. Coordinate labels are unitless (mL distribution/
mL tissue) and are not displayed.
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Figure 5.
PET images of baboon kidneys acquired 55-75 minutes post injection of [11C]L-159,884 (left)
and [11C]KR31173 (right). PET imaging was performed under Saffan anesthesia. The animal
received 15 mCi and 14 mCi [11C]L-159,884 for the baseline and post-treatment scans
performed 135 minutes apart. Two weeks later, baseline and post-treatment scans were
acquired after injection of 8.2 and 10.5 mCi [11C]KR31173. Coronal images were
reconstructed, normalized to the injected dose and displayed together with the color calibration
bar.
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Figure 6.
Time-activity curves of [11C]KR31173 and [11C]L-159,884 in the kidney of control and
SK-1080 (1 mg/kg iv.) treated baboon.
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TABLE 1
Plasma percent protein binding measured sequentially for a period of 30 minutes and extrapolated to 0 minutes
of elution time.

Species [11C]KR31173 [11C]L-159,884
t = 0 min. t = 30 min. t = 0 min. t = 30 min.

Dog 52 1 80 12
Baboon 66 2 90 7
Human 83 9 100 78
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