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The D4 dopamine receptor belongs to the D2-like family of dopamine receptors, and its exact
regional distribution in the central nervous system is still a matter of considerable debate. The availability
of a selective radioligand for the D4 receptor with suitable properties for positron emission tomography
(PET) would help resolve issues of D4 receptor localization in the brain, and the presumed diurnal
change of expressed protein in the eye and pineal gland. We report here on in vitro and in vivo
characteristics of the high-affinity D4 receptor-selective ligand N-{2-[4-(3-cyanopyridin-2-yl)piperazin-1-
yl]ethyl}-3-[11C]methoxybenzamide ([11C]2) in rat. The results provide new insights on the in vitro
properties that a brain PET dopamine D4 radioligand should possess in order to have improved in vivo
utility in rodents.

Introduction. – Dopamine is an important neurotransmitter regulating key brain
activities associated with endocrine function, motor control, and attention, motivation,
and reward states via its interactions with five subtypes of metabotropic G protein-
coupled receptors (GPCRs) [1]. The D2-like receptor family consists of three receptor
subtypes, D2, D3, and D4, each of which couples to Gi/o proteins and has high affinity for
butyrophenone and substituted benzamide class ligands [2]. Although over 20 years
have passed since the D4 receptor was first cloned, its precise functional involvement in
different pathologies and its distribution in the brain are still unclear [3 – 7]. Northern
blot, RT-PCR, and in situ hybridization analyses have revealed the presence of low
levels of D4 mRNA in the cerebral cortex, amygdala, hippocampus, and striatum [8 –
12], and high levels of D4 mRNA in retina and pineal gland [8] [13]. Immunocyto-
chemistry studies demonstrated D4 receptor protein expression patterns similar, in
many respects, to transcriptional patterns reported by others: D4 receptor protein
appeared to be localized to GABAergic neurons in the cerebral cortex, hippocampus,
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substantia nigra pars reticulata, globus pallidus, and a subset of cortical pyramidal
neurons [14 – 20]. However, the sensitivity and selectivity of antibodies against the D4

receptor have been questioned [21]. Moreover, ligand autoradiography studies have
provided mixed results with the most recent studies suggesting that there is little or no
D4 receptor located in brain tissue [7].

In general, the densities of D4 receptor expressed in brain, as determined by
audioradiography or radioligand binding of tissue homogenates, have been reported to
be relatively low (less than ca. 30 fmoles/mg protein) [7] [22 –26], though higher
densities (ca. 135 fmoles/mg protein) have been reported in the retina [27]. Several
lines of evidence suggest that the D4 receptors expressed in retinal photoreceptor cells
play an important role in the regulation of adaptive ocular responses and the control of
circadian rhythm [28 – 33]. Expression of the D4 receptor gene in the retina follows a
diurnal circadian rhythm [30], and retinal D4 receptors mediate the synchronization of
circadian clocks by regulating the expression of other retinal genes [33]. The
entrainment of photoreceptor cells serves to realign the retinal circadian clock with
the environmental cycle. Misalignment of circadian and environmental cycles may be
the underlying cause of numerous sleep disorders, including those associated with age-
related insomnia, Parkinson�s and Alzheimer�s diseases, depression and bipolar
disorder, blindness, and shift-work or jet lag [34– 36]. The ability to non-invasively
monitor the dynamics of the D4 receptor in the retina and other central nervous system
(CNS) structures would facilitate studies of the role of dopaminergic control of
circadian rhythms under normal and pathological conditions.

A number of attempts have been made to identify a D4-selective PET radioligand
(for a recent review, see [37]), but to date none is suitable due to the difficulty in
combining very high D4-receptor affinity with high selectivity over other receptors and
adequate ratios of specific to non-specific binding, the latter being the most challenging
given the suspected low densities of the D4 receptor. In the earliest attempts, the D1/D4

receptor antagonist [11C]SDZGLC756 (Fig. 1) [38] was employed to visualize the D4

receptor in the primate brain, following pre-administration with specific D1, D2, D3,
and D5 receptor subtype antagonists to block these non-D4 dopamine receptors.
Though widespread distribution of D4 receptor was observed utilizing this approach, it
was not applicable to human studies. The arylpiperazine derivative [11C]PB-12 (Fig. 1)
with an extremely high specific activity (1810 GBq/mmol) was used for a PET imaging
study in monkey, but its high non-specific binding resulted in a high background,
making it impossible to determine its specific binding to the D4 receptor [39].
Low non-specific binding in autoradiography experiments has been observed for
[18F]1 (Fig. 1), but it is an unlikely candidate for in vivo PET studies in brain because
of its relatively low binding potential (Bmax/KD, ratio of expected receptor density
(9 – 30 fmole/mg [7] [27]) to the binding affinity of the radioligand to the receptor
(Ki¼15 nm)) [40]: most PETradioligands have a binding potential in the range of 3 – 10
[41].

Recently, we reported on the rational design of a set of high-affinity D4 receptor
benzamide derivatives [42] engineered to have low off-target affinity, low non-specific
binding, and lipophilicity within the optimal range (c logP range of 2.5 – 3.5) for brain
penetration by passsive diffusion [43 – 45]. The derivative [11C]2 (Fig. 1) was selected
for PET imaging studies in monkey, because the corresponding nonisotopic version of
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this compound had high D4 receptor affinity (Ki¼1.52 nm), lipophilicity suggestive of
good brain penetration (log P¼2.55, logD7.4¼2.47) and low non-specific binding, and
excellent selectivity over a number of off-target receptors present in brain at higher
densities than the predicted density of the D4 receptor (> 500-fold selectivity over
dopamine D2 and D3 receptors, serotonergic 5-HT1A, 5-HT2A, and 5-HT2C receptors,
and sigma1 receptor [42]). Intense [11C]2 PET image signals in monkey were observed
in the region of the posterior eye with little to no background signal in other parts of the
brain including the cingulate, entorhinal, occipital, and cerebellar cortices, as well as the
striatum and hippocampus [42]. However, even in a large primate, the resolution of the
PET image was insufficient to determine localization within the microarchitecture of
the eye. However, [11C]2 did have fast kinetics and a very low level of background
binding, which are particularly useful features for imaging studies. Further, this ligand
had only been investigated in primate and not in rodents, which are more amenable to
detailed studies, in particular ex vivo studies. This prompted us to perform additional
studies with [11C]2, in order to further explore the potential of [11C]2 to label
specifically D4 receptors in the retina and in the CNS in rat.

Results and Discussion. – Radiochemistry. Phenol 4, the demethyl precursor for
11C-radiolabeling, was prepared as described by us (Scheme) in [42]. Briefly, 3-
hydroxybenzoic acid was condensed with 4-(3-cyanopyridin-2-yl)-1-piperazinoethan-
amine (3) to give 4 in 40% yield. The identity was confirmed by 1H-NMR spectroscopy
and mass spectrometry. [11C]H3I was synthesized in a two-step reaction starting from
the cyclotron derived [11C]O2. First, [11C]O2 was catalytically reduced to [11C]H4

followed by gas-phase free-radical iodination at elevated temperature resulting in
[11C]H3I. Radiolabeling of the precursor 4 was achieved by reacting it with [11C]H3I to
yield [11C]2. After HPLC purification and solvent removal, the compound was
formulated in 0.9% saline for subsequent in vitro and in vivo evaluation. Radio-
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Fig. 1. Chemical structures of D4 dopamine receptor radioligands tested as PET imaging agents



chemical purity of the final product exceeded 99%. Specific radioactivity was in a range
of 40– 100 GBq/mmol at the end of synthesis (n¼6). The total synthesis time, including
formulation, was 35– 40 min from the end of bombardment. Radiochemical purity of
the final product exceeded 99% as determined by analytical HPLC.

Permeability Experiments. For in vivo visualization of D4 receptors in the central
nervous system (CNS), blood-brain barrier (BBB) permeability is a critical factor and
can be estimated by permeability across Caco-2 cell monolayers [46]. Both
physicochemical properties that promote passive diffusion (e.g., lipophilicity, molecular
weight, total polar surface area) and active efflux mechanisms, including P-glycopro-
tein (P-gp), are represented in this in vitro model of permeability. Therefore, we
evaluated the efflux ratio (BA/AB) between basal-to-apical (BA) and apical-to-basal
(AB) fluxes in Caco-2 cells monolayer of compound 2. While the observed
permeability ratio of 3.8 suggests that compound 2 is a substrate for P-gp, it is close
to the cut-off value of 3 that is commonly used to distinguish P-gp substrates from
nonsubstrates [47]. This result indicates that 2 is a relatively poor P-gp substrate and
would thus be expected to accumulate in the CNS.

In vitro Metabolic Stability. The metabolic stability of compound 2 was estimated in
vitro by incubating it with rat hepatic S9 fraction in the presence of an NADPH-
generating system [48]. The S9 fraction contains both microsomes and cytosol, and it is
thus representative of phase-I metabolism (cytochrome P450) and phase-II metabolism
(transferases). After 30 min incubation in liver S9 fraction, LC/MS/MS analysis
revealed a 70% loss of the parent compound. Analysis of the metabolites indicates
compound 2 undergoes significant hydroxylation, but very little O-demethylation
(Fig. 2). Because extraction conditions were optimized for maximal recovery of the
parent compound 2, we only gained insight for metabolites with physicochemical
properties similar to those of the parent compound.

Autoradiography Study. In vitro autoradiography with [11C]2 was performed on a
cryosectioned Wistar rat brain and eye. The tissue slices were incubated with
radiotracer solution of two different concentrations, 0.2 and 2 nm. Radiotracer binding
was challenged by co-incubation with L-745,870 trihydrochloride, a high-affinity D4

dopamine receptor preferring antagonist (Ki¼0.51 nm) [49] with moderate affinity for
s1 receptors [50]. No binding to tissues was observed using a very low 0.2-nm
concentration of [11C]2 which would correspond to less than 15% receptor occupancy
(Fig. 3). However, using 2 nm [11C]2, which would occupy over 55% of the receptors,
significant binding was observed in the striatum (caudate and putamen) and around the
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a) 3-Hydroxybenzoic acid, 1,1’-carbonyldiimidazole (CDI). b) [11C]H3I, NaOH.



circumference of the eye in the retinal region (Fig. 3). Binding of compound [11C]2 to
the retinal region of the eye was completely blocked with 1 mm L-745,870,
demonstrating that it is specific for the D4 receptor, because this concentration of L-
745,870 is sufficient to fully saturate D4 receptor (> 99.9% occupancy; Fig. 3). In
contrast, the binding to the striatal region of the rat brain appears to be non-specific in
nature, as it could only be partially blocked by 1 mm L-745,870 (Fig. 3).

PET Study. Rats were injected with ca. 40 MBq (0.6 – 1.0 nmol) of [11C]2, and their
heads were subjected to PET scanning. In contrast to what was observed in monkey
[42], no accumulation of [11C]2 was clearly observable in rat in the posterior eye in the
region of the retina (Fig. 4). Instead, high accumulation of radioactivity was visible in
harderian and intraorbital lacrimal glands, which did not allow visualization of any
accumulation in the eye due to a �spill over� effect. Administration of the blocking
compound, L-745,870, 30 min before injection of [11C]2 did not diminish radioactivity
uptake, indicating non-saturable, non-specific tracer accumulation in the glands.

Conclusions. – When exposed to cryosectioned tissue, the radioligand [11C]2
specifically bound the D4 receptors in the rat eye in the region of the retina. Our
autoradiography finding is consistent with the report on D4-receptor protein in
homogenates of rat retina detected with 125I-L-750,667, a differentially halogenated
form of L-745,870 [27]. In our previous PET studies in monkey, [11C]2 displayed a
robust time-dependent accumulation in the posterior region of the eye, but very low,
essentially undetectable accumulation was observed in the brain [42]. PET Studies of
[11C]2 in the eye of rats was not possible due to intense uptake of radiolabel in
harderian glands, which potentially overshadowed any signal that might be observed in
the rat retina, and highlights a species difference, as adult primates do not possess
harderian glands [51]. In contrast, [11C]2 autoradiography of rat brain sections revealed
binding in the region of the striatum, that could not be displaced with a saturating
concentration of the subnanomolar affinity D4-receptor antagonist L-745,870, indicat-
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Fig. 2. LC/MS/MS Analysis of a sample of compound 2 after 30 min incubation with rat hepatic S9
fraction



ing that the binding of [11C]2 to rat brain tissue was not due to specific interactions with
the D4 receptor.

Radiotracers for imaging protein targets in the living brain with PET must fulfill
many criteria, in terms of target affinity and selectivity, ability to cross the BBB, and
pharmacokinetic properties. For each parameter, in vitro guideline values have been
proposed over the years. Nonetheless, adherence to these guidelines does not allow a
priori prediction of compound utility as a PETradioligand. The present study highlights
the challenges of translating findings from in vitro models to in vivo applications,
including interspecies differences. It is generally accepted that the Bmax (concentration
of the receptor protein) should exceed manyfold the Kd of the radioligand (ideally Bmax/
Kd>10). Since the Bmax value for dopamine D4 in the brain is unknown but assumed to
be very low, and the binding affinity of compound 2 for the D4 receptor is Ki¼1.52 nm,
the next generation of D4 receptor PETradioligands should have subnanomolar affinity
for the D4 receptor. However, increased affinity is often associated with increased
lipophilicity for class A GPCRs, which tends to increase non-specific binding to lipid
membranes, for example. While the low non-specific binding and good brain
penetrance we observed in our previous study [42] seemed to indicate that compound
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Fig. 3. Autoradiography study on coronal rat brain and eye sections using [11C]2. Binding of [11C]2 to the
rat eye was completely abolished in the presence of 1 mm L-745,870 trihydrochloride. Only partial

blocking was observed in the rat brain.



2 has close-to-ideal lipophilicity properties for a PET ligand, this appears not to be the
case in rodent if the target tissue is the eye, because rodents, but not primates, have
harderian glands which apparently are depots for non-specific accumulation [52].
Besides the possibility of insufficient affinity of [11C]2 for the target receptor, specific
radioactivity of the radiotracer may have been inadequate, since the target receptor
concentration is assumed to be very low. Thus, better metabolic stability of a
radiotracer is also desired. When the eye is the target organ of interest, it is advisable to
conduct PET studies in species that do not possess harderian glands to avoid
misinterpretation of imaging results in cases where the radioligand acumulates in these
glands. In summary, this study offers new insights on the in vitro properties that a brain
PET dopamine D4 radioligand should possess to be successful in vivo.

Experimental Part

Radiochemistry. [11C]O2 was produced via 14N(p, a)11C nuclear reaction by irradiation of N2

(containing 0.5% O2) gas target in a fixed energy Cyclone 18/9 cyclotron (IBA, Belgium). [11C]H3I
was synthesized using an in-house-built automated unit starting from [11C]O2 in a two-step reaction
involving the catalytic reduction of [11C]O2 to [11C]H4 with a Ra�Ni catalyst and subsequent gas-phase
free-radical iodination at 7208 to [11C]H3I as described in [53]. [11C]H3I was collected in a reaction vessel
containing 300 ml of anh. DMF soln. of demethyl precursor 4 (1 mg, 2.85 mmol) and NaOH (10 ml, 0.5n) at
r.t. After radioactivity in the reaction vessel reached a plateau, all the valves to the vessel were closed,
and the mixture was heated at 708 for 3 min. The reaction was quenched with HPLC solvent (1.5 ml,
MeCN/50 mm HCOONH4 45 : 55 buffer, pH 4.4) and injected into a semi-prep. HPLC for purification
(column, reversed-phase (RP) Waters mBondapack C18 ; particle size, 10 mm, 125 �, 300�7.8 mm; mobile
phase, MeCN/50 mm HCOONH4 45 : 55 buffer; pH 4.4; flow rate, 4 ml/min; detection, by UVat l 254 nm
and with Eberline RM-14 radiodetector). The fraction at ca. 6 min corresponding to [11C]2 was collected,
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Fig. 4. PET Images (coronal slices) of the rat head after injection of [11C]2 alone (A) or together with
blocker, L-745,870 (B). PET Data were averaged from 0 to 20 min after tracer injection. High non-

specific radioactivity uptake is observed in the harderian glands.



diluted with H2O (10 ml), and passed through a C18 Light SepPak cartridge, preconditioned with EtOH
(5 ml), followed by H2O (5 ml). The trapped radiotracer was washed with additional H2O and eluted
with EtOH (1 ml) through a sterile filter into a sterile penicillin vial. The solvent was evaporated, and the
residue was reconstituted in 0.9% saline (1 ml) for animal experiments. At the end of synthesis, 658–
2930 MBq of [11C]2 was obtained as an injectable soln. The radiochemical purity and specific activity of
[11C]2 were assayed by anal. HPLC using a Agilent-Eclipse XDB-C18 column (particle size, 5 mm, 150�
4.6 mm). The solvent system consisted of 50 mm HCOONH4/HCOOH (pH 4.4) as eluent A and MeCN
as eluent B with a gradient as follows: 0–3 min, 10 to 50% B ; 3–7 min, 50% B isocratic; 7–9 min, 50 to
70% B ; and 9–10 min, 70% B isocratic; with a flow rate of 1 ml/min. Under these conditions [11C]2 was
eluted at tR 4.87–4.98 min. For specific radioactivity determination, the area of the UV absorbance peak
at 254 nm, corresponding to carrier product, was measured and compared to a standard calibration curve
relating mass to UV absorbance. The identity of [11C]2 was confirmed by co-injection with an authentic
non-radioactive sample.

Preparation of Caco-2 Monolayer. Caco-2 cells were seeded onto a Millicell� assay system
(Millipore), where a cell monolayer is set in between a filter cell and a receiver plate, at a density of
10,000 cells/well. The culture medium was replaced every 48 h, and the cells were kept for 21 d in culture.
The Trans Epitelial Electrical Resistance (TEER) of the monolayers was measured daily, before and
after the experiment, using an epithelial voltohmmeter (Millicell�-ERS). Generally, TEER values >

1000 W for a 21-d culture are considered optimal.
Drug Transport Experiment. After 21 d of Caco-2 cell growth, the medium was removed from filter

wells and from the receiver plate, which were filled with fresh HBSS buffer (Hark�s balanced salt
solution; Invitrogen). This procedure was repeated twice, and the plates were incubated at 378 for 30 min.
After incubation time, the HBSS buffer was removed, and drug solns. and reference compound were
added to the filter well at various concentrations (1–100 mm), while fresh HBSS was added to the
receiver plate. The plates were incubated at 378 for 120 min. Then, samples were removed from the apical
(filter well) and basolateral (receiver plate) side of the monolayer to measure the permeability.

The apparent permeability (Papp), in nm/s, was calculated according the following equation:

Papp ¼
VA

area� time
�
½drug�acceptor

drug½ �initial

where VA is the volume (in ml) in the acceptor well, area is the surface area of the membrane (0.11 cm2

of the well), time is the total transport time in seconds (7200 sec), [drug]acceptor is the concentration of
the drug measured by ESI-MS analyses or UV spectroscopy, and [drug]initial is the initial drug
concentration (1�10�4

m) in the apical or basolateral wells.
Stability in Rat Liver S9 Fraction. In vitro tests with rat liver S9 fraction (BD Bioscience, I-Milan)

were designed as described by Jia and Liu with minor modifications [48]. Test compound (10 mm) was
incubated with rat liver S9 fraction (1 mg/ml) in 100 mm phosphate buffer (pH 7.4) containing 1.3 mm of
NADPþ, 3.3 mm glucose 6-phosphate and 0.4 U/ml glucose 6-phosphate dehydrogenase, and 3.3 mm

MgCl2 in a total volume of 1 ml. Incubations were commenced with the addition of glucose 6-phosphate
dehygrogenase and carried out for 30 min at 378. The reaction was stopped by adding 1 ml of cooled
MeCN. Immediately prior to adding MeCN, samples were spiked with an internal standard. The samples
were centrifuged at 4,600 rpm for 15 min at 48. The supernatant was separated, and the MeCN phase was
analyzed by RP-HPLC. Samples from rat liver S9 incubation were analyzed by using a RP-HPLC
equipped with a PerkinElmer Series 200 LC pump and a PerkinElmer 785A UV/VIS detector. UV Signals
were monitored, and obtained peaks were integrated using a PC running PerkinElmer Turbochrom
Software. The column used was a Phenomenex Gemini C18 (250�4.6 mm, 5 mm particle size). The sample
was eluted with MeOH/H2O/Et3N 4 : 1 :0.01 at a flow rate of 1 ml/min (l 254 nm).

The percentage of the mean control concentration remaining after 30-min incubation was calculated
according to the following equation:

% of substrate remaining after 30 min¼Cparent/Ccontrol�100
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where Cparent is ligand concentration after incubation with S9 fraction and NADPH regenerating system,
and Ccontrol is ligand concentration after incubation with S9 fraction only. The main metabolites were
identified by LC/MS/MS analysis with a MicrOTOF-Q II mass spectrometer (Bruker Daltonics); mass
range, 50 –800 m/z ; electrospray ion source in positive-ion mode. Instrument settings: nebulizer gas, N2,
2.5 bar; dry gas, N2, 10 l/min; dry heater 2008 ; collision gas, Ar; cap. voltage, 4500 V; end plate offset
voltage, �500 V; external calibration using cluster of HCOONa.

Animals. Male Wistar rats were obtained from Charles River (Germany). Animal care and all
experimental procedures were approved by the Cantonal Veterinary Office in Zurich, Switzerland. The
animals were allowed free access to food and water.

In vitro Autoradiography. Frozen coronal brain and eye cryosections (20 mm) from a male Wistar rat
were thawed at ambient temp. and pre-incubated in Tris buffer (50 mm Tris ·HCl, 120 mm NaCl, 1 mm

EDTA, 5 mm MgCl2, pH 7.4) for 2�5 min. Excess pre-incubation soln. was removed, and slides were
incubated with 0.2 nm or 2 nm [11C]2 alone or in the presence of 1 mm or 10 mm L-745,870 trihydrochloride
in Tris buffer at r.t. for 30 min. The slides were washed in ice-cold Tris buffer for 2�5 min, followed by
brief dipping in ice-cold water. The air-dried slides were exposed to a phosphor imager plate (BAS-TR
2025, Raytest-Fuji) for 20 min, and the plate was visualized in a BAS5000 reader (Fujifilm).

In vivo PET Scans. Rats (ca. 250 g) were immobilized by anesthesia with 2–3% isoflurane in O2/air
on a GE Vista explore PET/CT scanner (Sedecal) with the head in the field of view (axial field of view,
4.8 cm). Body temp. was controlled with a rectal probe connected to a 378 air blower, and respiratory
frequency was monitored with a 1025T Small Animal Monitoring and Gating System (SA Instruments).
At the start of data acquisition, 40.2 MBq, 0.5 nmol (baseline scan), and 38.5 MBq, 1 nmol (blocking
experiment) of [11C]2 were injected into a tail vein, followed by 100 ml of saline, and data were collected
in list mode for 40 min. For the blocking, L-745,870 trihydrochloride (40 mg/kg, subcutaneous) was pre-
injected 30 min before [11C]2 injection to block D4 binding sites and determine specific binding. A CT
scan was performed for anatomical orientation following PET acquisition. PET Data were reconstructed
with 2D-ordered subset expectation maximization (2D OSEM) algorithm and analyzed with PMOD 3.2
software (PMOD). Measured radioactivity values expressed as Bq/cm3 were normalized to injected
radioactivity per gram body weight (Bq/g) resulting in standardized uptake values (SUV).
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