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ABSTRACT: We have investigated several oxindole derivatives in
the pursuit of a 5-HT7 receptor PET ligand. Herein the synthesis,
chiral separation, and pharmacological profiling of two possible PET
candidates toward a wide selection of CNS-targets are detailed.
Subsequent 11C-labeling and in vivo evaluation in Danish landrace
pigs showed that both ligands displayed high brain uptake. However,
neither of the radioligands could be displaced by the 5-HT7 receptor
selective inverse agonist SB-269970.

■ INTRODUCTION

The 5-HT7 G protein-coupled receptor is the latest addition to
the serotonin receptor subfamily.1,2 Although the functional
significance of this receptor is largely unknown, several reports
have associated the human 5-HT7 receptor with a variety of
central nervous system (CNS) functions and disorders.3 For
example, the antidepressant effect of the atypical antipsychotic
drugs amisulpride, vortioxetine, and lurasidone have been
explained by 5-HT7 receptor antagonism.4−8 The availability of
an appropriate 5-HT7 receptor positron emission tomography
(PET) radioligand would be an important tool that could
significantly advance our understanding of the neurobiology
and eventual dysfunctions of the 5-HT7 receptor, as PET
molecular imaging enables quantification of neuroreceptor
binding in vivo.
We and others have investigated a number of ligands from

different compound classes for that purpose.9−17 Of those
ligands, Cimbi-712 (1) and Cimbi-717 (2) displayed the most
promising profiles for selective 5-HT7 receptor PET imaging in
thalamic regions (Figure 1).12 Subsequently, 11C-labeling of
both compounds was carried out and the in vivo PET behavior
of both radioligands were evaluated in pigs.13,18 High brain
uptake and specific labeling of 5-HT7 receptors was observed.
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These results encouraged us to further evaluate the potential of

this compound class as PET ligands for the 5-HT7 receptor.
Initially, 1 and 2 were evaluated in their racemic forms.
The use of racemic ligands in PET can complicate data

interpretation as the two enantiomers may very well have
different pharmacological profiles and kinetics (on/off-rates
etc.).
Thus, we set out to evaluate the pharmacology of the

individual enantiomers of 1 and 2. However, rapid racemization
was observed after separation on chiral HPLC at room
temperature for both compounds (see Supporting Information
for further details). The observed racemization is due to the
acidic nature of the chiral center at the 3-position of the
oxindole moiety. Consequently, we decided to investigate the
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Figure 1. Oxindole ligands previously investigated as PET ligands for
the 5-HT7 receptor.
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influence of blocking the 3-position as this should enable the
separation of the compounds into their corresponding
enantiomers.

■ RESULTS AND DISCUSSION
Volk et al. have previously reported that 3-ethyloxindoles have a
similar pharmacological profile to nonsubstituted oxindoles.19,20

We could also show that other alkyl chains at the 3-position
(−Me, −Et, −EtF, and −Pr) did not alter the affinity toward
the 5-HT7 receptor significantly (Supporting Information).
Thus, the two compounds in which the H is replaced by an

ethyl group (3 and 4 compared to 1 and 2) were selected for
further studies (Figure 2). The compounds were synthesized
using procedures similar to those previously described (see
Supporting Information for details).12,19−21

As seen in Figure 2, the affinity for 5-HT7 receptor is not
influenced to any great extent after blocking the labile 3-
position. The affinity of the racemic 4′-Me derivative goes from
1.1 to 2.5 nM, whereas the racemic 3′-OMe is essentially the

same, going from 2.6 to 2.0 nM. All four racemic compounds
(1−4) were subsequently tested for efficacy in a heterologous
cell line overexpressing human 5-HT7(a) receptor.
Initial experiments indicated inverse agonism, in that cellular

cAMP concentrations were reduced below the level found in
untreated control cells (Figure 3A). Subsequent concentra-
tion−response studies showed complete antagonism of 1 μM 5-
HT-induced cAMP accumulation (Figure 3B), and curve fitting
of the data (Figure 3C) yielded inhibitory potencies in the low
nanomolar range (IC50 values: 1.9, 5.6, 15.3, and 6.8 nM for
compounds 1−4).
Encouraged by the preliminary pharmacological evaluation,

we proceeded with the chiral resolution of 3 and 4 on HPLC,
which provided both enantiomers, and as expected, epimeriza-
tion of the chiral center is no longer an issue (see Experimental
Section for details). Subsequently, the racemic mixtures as well
as the pure enantiomers were screened against a broad selection
of targets at the PDSP screening facilities to fully evaluate the
potential of these compounds as PET ligands (Table 1). For
several of the investigated targets, the affinities of the racemic
mixtures are on par with or even higher than the pure
enantiomers of 3 and 4. This is of course not to be expected,
but because the values are within a factor of 5, we speculate that
this can be attributed to the uncertainty in the assays. The data
was generated by the PDSP, and we present the data as
received.
(+)-3 and (+)-4 showed more than 5-fold higher affinity

toward the 5-HT7 receptor compared to (−)-3 and (−)-4. The
racemic compounds 3 and 4 had affinities comparable to (+)-3
and (+)-4, respectively and also comparable to the 3-
unsubstituted oxindole derivatives 1 and 2. However, α1A

Figure 2. Affinities of 1, 2, 3, and 4 for the 5-HT7 receptor. Data
represent n = 6 from three independent experiments, each carried out
in duplicate.

Figure 3. Pharmacological characterization of compound efficacy in HeLa cells stably expressing human 5-HT7(a). Cells were exposed to test
compounds in the absence or presence of 1 μM 5-HT, and cellular cAMP was measured after 15 min of treatment. In the absence of 5-HT, all four
compounds (at 10 μM) exhibit inverse agonist activity (A). In the presence of 5-HT, all compounds are potent and efficacious antagonists (B,C). All
data are displayed as means ± SEM. Data in (A) were analyzed by one-way ANOVA with Dunnett’s multiple comparison test, and asterisks indicate
significant differences from untreated controls (**p < 0.01, ***p < 0.001; n = 6−11 from four independent experiments). Concentration−response
curves in (C) were derived from data in (B) via nonlinear regression (n = 6 from three independent experiments, each carried out in duplicate).
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affinities were decreased in comparison with 1 and 2. Table 1
displays selected affinities toward targets where cross-affinity
could become an issue.
Other tested targets showed affinity >3 μM (5-HT6, α1B,

α1D). Compounds 1, 2, 3, (+)-3, 4, and (+)-4 were at least 2.5-
fold selective over σ-receptors and at least 5-fold selective over
5-HT2A receptors. All other targets tested showed a selectivity
of more than 1 order of magnitude, except for (+)-4, which
displayed ∼4-fold lower selectivity for H1 receptors. In general,
it appears that C-3 alkylation does not improve the affinity
toward the 5-HT7 receptor but improves the selectivity
especially toward the α1 receptor.
A PET radioligand has to fulfill several requirements to

selectively image only one target. For example, high affinity
toward the target-in-question must be accompanied by an
acceptable level of selectivity toward other targets in the regions
of interest. The receptor density (Bmax) is a measure of how
many receptors are present in a given region of interest. A
seeming lack of selectivity of a compound toward a certain
receptor may be compensated by a high Bmax value in a
particular region.22 Thus, the observed PET images are a
function of the relative affinity of the ligand toward a target and
the Bmax value of that target in a specific region. In general, a
10−100-fold higher binding to the target compared to other
targets in a particular region is acceptable.22 On the basis of
these guidelines, 3, (+)-3, 4, and (+)-4 displayed very
promising profiles for selective 5-HT7 receptor imaging in the
thalamus (Table 2; see Supporting Information for further
details).
In general, introduction of an alkyl group to the 3-position of

the oxindole moiety increased the selectivity/Bmax ratio toward
the critical α1 receptor. This could be further improved by
enantioselective resolution of the 3-ethyl derivatives. Unfortu-
nately, selectivity/Bmax ratios for the σ-receptors could not be

calculated due to a lack of human Bmax literature values. Future
studies have to determine if these receptors have to be
considered off-targets.
We decided to start with 11C-labeling of both racemic

compounds to allow us to optimize the labeling procedure. In
addition, use of the racemic compounds (3, 4) would enable a
direct in vivo PET imaging comparison between these and the
unsubstituted oxindoles (1, 2).
The required precursor was accessed in two steps from

readily available 5 as outlined in Scheme 1. The radiosynthesis

of [11C]-3 ([11C]-Cimbi-772) was carried out similarly to a
recently published procedure for 11C-Suzuki cross couplings.18

It is noteworthy that the formation of the [11C]Me-Pd-I
complex prior to the addition of the precursor is essential for a
successful radiolabeling. The average specific activity was 343
GBq/μmol (range 183−542 GBq/μmol), with radiochemical
purity being above 97%. Thus, typically an amount of 122−230
MBq could be isolated from a 40 min beam. Scheme 1
summarizes the synthesis of precursor 8 and radiosynthesis of
[11C]-3.
Initially, 11C-labeling of compound 4 ([11C]-Cimbi-775) was

attempted using the same conditions as reported for the
synthesis of the structurally related compound 2 via direct 11C-
methylation at the phenolic position of the corresponding
precursor. However, all attempts to produce the desired PET
ligand using this approach were unsuccessful and a single
undesired byproduct was observed.

Table 1. Selectivity Profile of Racemic Mixtures and Enantiomers of 3 and 4

Ki [nM]a

1 3 (+)-3 (−)-3 2 4 (+)-4 (−)-4

5-HT7 4.1 6.5 5.6 82 7.5 7.8 11 56
5-HT1A 491 469 787 633 130 83 192 151
5-HT2A 35 39 94 110 239 98 352 66
5-HTT 112 295 271 827 253 250 376 1439
H1 323 529 135 61 164 502 42 2405
α1A 103 431 951 487 167 434 >10000 794
σ1 45 37 33 390 59 42 46 249
σ2 24 40 347 61 49 22 152 16

aAffinities [Ki values] were determined by PDSP (n = 3) and are reported in nM.

Table 2. Selectivity/Bmax Ratios for the 5-HT7 Receptor
Relative to Other Cross-Affinity Targets in the Thalamus

selectivity over Bmax ratio
a

1 3 (+)-3 (−)-3 2 4 (+)-4 (−)-4

5-HT1A 359 216 421 23 52 31 52 8
5-HT2A 17 12 34 3 63 25 64 2
5-HTT 32 54 58 12 40 38 41 30
H1 236 244 72 2 65 193 11 128
α1 4 9 23 1 3 8 123 2

aData are based on values reported in Table 1 and Supporting
Information Table S2. PDSP determined Ki values and human Bmax
values.

Scheme 1. Radiosynthesis of [11C]-3a

aReagents and conditions: (a) Na2CO3, 180 °C, 1 h; (b) KOAc,
bis(pinacolato)diboron, Pd(dppf)Cl2, 1,4-dioxane, 100 °C, 12 h; (c)
11C-labeling: Pd2(dba)3, P(o-tolyl)3, K2CO3, [

11C]CH3I, DMF:water
9:1, 60 °C, 5 min.
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We speculate that C-3 alkylation of the oxindole influences
the reactivity of the oxindole core leading to competing N-
labeling. Therefore, a new labeling strategy was developed in
which the phenolic hydroxyl group was transiently TBDPS-
protected, facilitating selective Boc-protection of the oxindole
(Scheme 2). Subsequent desilylation provided a suitable

precursor, which was O-alkylated with [11C]CH3I followed by
Boc-deprotection, yielding the desired tracer [11C]-4. Average
specific activities were around 234 GBq/μmol (range 78−331
GBq/μmol) with a radiochemical purity above 97%. Typically,
an amount of 152−211 MBq could be isolated using a 40 min
beam (Scheme 2).
A preliminary ex vivo investigation into the in vivo binding

behavior of [11C]-4 was performed on autoradiography on pig
brain slices in a competition experiment with SB-269970,23,24 a
selective 5-HT7 receptor inverse agonist (see Supporting
Information for details). Those studies indicated that [11C]-4
could indeed be displaced in this setup, and we proceeded with
the full in vivo evaluation of the ligands.
[11C]-3 and [11C]-4 were evaluated in Danish Landrace pigs

using a high resolution research tomography (HRRT) PET
scanner. Summed PET images (Figure 4A,B) show that both
radioligands readily enter the pig brain and distribute according
to the known 5-HT7 receptor distribution. Following iv
injection of either [11C]-3 or [11C]-4, the peak uptake reached
2.5 SUV in the thalamus. Peak uptake was reached at around
∼30 min for [11C]-3 and ∼10 min for [11C]-4.
To investigate the specificity of binding of the radioligands,

we administered 1.0 mg/kg/h of SB-269970 30 min prior to
the second injection of the radioligand and continued the
infusion throughout the scan time. However, no significant
blocking effects could be detected for either of the radioligands
(Figure 4D,E). This lack of displacement has been observed
with other potent [11C]-5HT7-ligands from other compound
classes.11,17

This lack of blocking could simply occur because [11C]-3 and
[11C]-4 are not selective for the 5-HT7 receptor in vivo and that
the observed brain uptake is nonspecific binding (NSB).
However, assuming that NSB is uniform throughout the brain,
the observed binding cannot be solely attributed to this because
the radioligands distribute according to the 5-HT7 receptor
distribution determined in vitro. Higher NSB of [11C]-3 and

[11C]-4 compared to [11C]-1 and [11C]-2 is not unlikely given
that 3 and 4 have higher lipophilicity (see Supporting
Information for details, Table S1). Second, despite the
improved selectivity profile of [11C]-3 and [11C]-4, we cannot
explicitly rule out binding to unknown targets. A third
explanation could be that the dose of the blocking agent was
too low. However, the dose of SB-269970 used in this study has
previously resulted in 60% blocking of [11C]-2 binding.13

Another concern could be binding to the σ-receptors, for
which the ligands have relatively high affinity, see Table 1.
However, the relative affinities of 3 and 4 for 5-HT7/σ are
higher than that for 1 and 2 and SB-269970 is able to displace
the binding of those ligands in vivo.13 Thus, it is unlikely that
binding to σ-receptors can explain the inability of SB-269970 to
block the binding of [11C]-3 and [11C]-4.
Finally, we speculate whether the two radioligands evaluated

here could bind to different receptor binding sites because of
their different functional profiles or because they cause different
degrees of receptor internalization, both of which may influence
the possibility to perform blocking or competition studies. Volk
reported all oxindole structures as antagonists but also observed
a difference in the antagonistic efficacy between the C-3
alkylated and unsubstituted oxindole derivatives.19 We report
herein that 1−4 are inverse agonists (Figure 3). The functional
properties (inverse agonist, antagonist, partial, or full agonist)
of the radioligand may influence the ability to block or displace

Scheme 2. Radiosynthesis of [11C]-4a

aReagents and conditions: (a) Na2CO3, 180 °C, 1 h; (b) TBDPSCl,
NaH, DMF, 110 °C, 12 h; (c) Boc2O, NaHDMS, THF, −5 °C, 30
min; (d) NH4F, MeOH, 70 °C, 30 min; (e) 11C-labeling: [11C]CH3I, 2
M NaOH, DMF, 140 °C, 5 min; (f) TFA/CH2Cl2 (1:1), 80 °C, 5 min.

Figure 4. Summed PET images (0−90 min) of [11C]-3 (A) and [11C]-
4 (B). MRI-based atlas of the pig brain (C). Time activity curves at
baseline (solid symbols) and after pretreatment with SB-269970 (open
symbols) for [11C]-3 (n = 2) (D) and [11C]-4 (n = 1) (E).
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the radioligand in vivo, which has been shown in other studies
where other receptor systems were investigated.25−27 However,
more studies are warranted in order to investigate the
importance of functional differences of compounds for PET
radioligand binding.

■ CONCLUSION
A set of potential 5-HT7 receptor PET radioligands of the 3-
ethyl-3-(phenylpiperazinyl-butyl)oxindole family was success-
fully synthesized and evaluated. Compounds 3, (+)-3, 4, and
(+)-4 displayed a promising in vitro profile for PET imaging of
the 5-HT7 receptor in thalamus. In comparison to the
nonalkylated derivatives, 1 and 2, it appears that alkylation of
the oxindole 3-position improves the overall selectivity profile
but does not improve the affinity toward the 5-HT7 receptor.
Radiolabeling of 3 and 4 allowed us to evaluate both racemates
in vivo, where they entered the brain and accumulated in brain
regions reflecting the expected distribution of 5-HT7 receptors.
However, no significant blocking of radioligand binding was
observed after administration of the 5-HT7 receptor specific
inverse agonist, SB-269970, which calls into question the
selectivity of both radioligands in vivo. Further studies have to
be conducted to clarify if a functional difference between
alkylated and nonalkylated oxindole PET ligands could lead to
the observed effect in vivo.

■ EXPERIMENTAL SECTION
General. The labeling procedure of selected compounds and the

PET scanning protocol are described below. The general chemistry,
experimental information, spectral data of all new compounds, and
determination of lipophilicities and Ki values are supplied in the
Supporting Information. Purity of all final compounds was determined
by HPLC or GC analysis and is >96%.
Labeling Procedures. [11C]-3-Ethyl-3-(4-(4-(4-methylphenyl)-

piperazin-1-yl)butyl)indolin-2-one ([11C]-3). [11C]Methyl iodide
([11C]MeI) produced using a fully automated system was transferred
in a stream of helium to a 1.1 mL vial containing DMF (300 μL). To
this vial was added Pd2(dba)3 (0.3 mg), P(o-tolyl)3 (0.2 mg), and a 0.5
M K2CO3 (2.6 μL) dissolved in DMF:H2O 9:1 (150 μL). The
resulting mixture was heated at 60 °C for 2 min. Afterward, the
precursor (8) dissolved in DMF:H2O 9:1 (150 μL) was added and the
mixture was heated at 60 °C for another 5 min. Purification of the
crude product was accomplished using HPLC (Luna 5 μ C18(2) 100 Å,
250 mm × 10.00 mm 5 μm; 0.01 M borax buffer:MeCN (30:70; flow
rate, 9 mL/min; RT, 475 s ([11C]-3). The fraction corresponding to
the labeled product was collected in sterile water (150 mL), and the
resulting solution was passed through a solid-phase C18 Sep-Pak
extraction column (Waters Co.), which had been preconditioned with
ethanol (10 mL), followed by an isotonic sodium chloride solution (20
mL). The column was flushed with sterile water (3 mL). Then, the
trapped radioactivity was eluted with ethanol (3 mL) into a 20 mL vial
containing phosphate buffer (9 mL, 100 mM, pH 7), giving a 12 mL
solution of [11C]-3. In a total synthesis time of 45−50 min, 0.1−0.2
GBq of [11C]-3 was produced.
[11C]-3-Ethyl-3-(4-(4-(3-(methoxy)phenyl)piperazin-1-yl)butyl)-

indolin-2-one ([11C]-4). [11C]Methyl iodide ([11C]MeI) produced
using a fully automated system was transferred in a stream of helium to
a 1.1 mL vial containing precursor 11 (0.3−0.4 mg), DMF (300 μL),
and a 2 M NaOH solution (4 μL). The resulting mixture was heated at
140 °C for 5 min. Afterward, the solution was subsequently cooled to
80 °C by nitrogen cooling before 500 μL of a TFA:CH2Cl2 solution
(1:1) was added. The solution was stirred for further 5 min at this
temperature and then quenched with 3.5 mL of the HPLC eluent (see
below). Purification of the crude product was accomplished using
HPLC (Luna 5μ C18(2) 100 Å, 250 mm × 10.00 mm 5 μm; EtOH/
0.1% H3PO4 20:80; flow rate, 6 mL/min; RT, 650 s ([11C]-4)). The
fraction corresponding to the labeled product was collected in sterile

water (150 mL), and the resulting solution was passed through a solid-
phase C18 Sep-Pak extraction column (Waters Co.), which had been
preconditioned with ethanol (10 mL), followed by isotonic sodium
chloride solution (20 mL). The column was flushed with sterile water
(3 mL). Then, the trapped radioactivity was eluted with ethanol (3
mL), followed by anisotonic sodium chloride solution (3 mL) into a
20 mL vial containing phosphate buffer (9 mL, 100 mM, pH 7), giving
a 15 mL solution of [11C]-4 with a pH of approximately 7. In a total
synthesis time of 45−50 min, 0.4−0.5 GBq of [11C]-4 was produced.

PET Scanning Protocol. [11C]-3 was given as an intravenous (iv)
bolus injection, and the injected dose was 61 and 153 MBq for
baseline scans (n = 2) and 153 and 194 MBq for scans where SB-
269970 was preadministered (n = 2). [11C]-4 was also given as an iv
bolus injection, and the injected dose was 286 and 129 MBq for
baseline scans (n = 2) and 155 MBq for the scan where SB-269970
was administered (n = 1). The pigs were subsequently scanned for 90
min in list-mode with a high resolution research tomography (HRRT)
scanner (Siemens AG, Munich, Germany), where scanning started at
the time of injection (0 min). Immediately after the baseline scan (90
min), SB-269970 (Tocris Bioscience, Bristol, United Kingdom) was
given iv as bolus infusion (1.0 mg/kg/h) and rescanning started after
30 min of pretreatment with SB-269970.
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