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ABSTRACT
Calcitonin gene-related peptide (CGRP) is a potent neuropeptide
whose agonist interaction with the CGRP receptor (CGRP-R) in
the periphery promotes vasodilation, neurogenic inflammation
and trigeminovascular sensory activation. This process is im-
plicated in the cause of migraine headaches, and CGRP-R
antagonists in clinical development have proven effective in
treating migraine-related pain in humans. CGRP-R is expressed
on blood vessel smooth muscle and sensory trigeminal neurons
and fibers in the periphery as well as in the central nervous
system. However, it is not clear what role the inhibition of central
CGRP-R plays in migraine pain relief. To this end, the CGRP-R
positron emission tomography (PET) tracer [11C]MK-4232 (2-
[(8R)-8-(3,5-difluorophenyl)-6,8-[6-11C]dimethyl-10-oxo-6,9-dia-
zaspiro[4.5]decan-9-yl]-N-[(2R)-29-oxospiro[1,3-dihydroindene-

2,39-1H-pyrrolo[2,3-b]pyridine]-5-yl]acetamide) was discovered
and developed for use in clinical PET studies. In rhesus monkeys
and humans, [11C]MK-4232 displayed rapid brain uptake and
a regional brain distribution consistent with the known distribution
of CGRP-R. Monkey PET studies with [11C]MK-4232 after in-
travenous dosing with CGRP-R antagonists validated the ability
of [11C]MK-4232 to detect changes in CGRP-R occupancy in pro-
portion to drug plasma concentration. Application of [11C]MK-4232
in human PET studies revealed that telcagepant achieved only
low receptor occupancy at an efficacious dose (140 mg PO).
Therefore, it is unlikely that antagonism of central CGRP-R
is required for migraine efficacy. However, it is not known whether
high central CGRP-R antagonism may provide additional
therapeutic benefit.

Introduction
Calcitonin gene-related peptide (CGRP) is a potent vasodi-

lator and sensory neuropeptide that is believed to play a key
role in the pathophysiology of migraine (Salvatore and Kane,
2011). TheCGRP receptor (CGRP-R) is a heterodimeric complex,dx.doi.org/10.1124/jpet.113.206458.

ABBREVIATIONS: 2D, two-dimensional; 3D, three-dimensional; AMY, amylin; BBB, blood–brain barrier; CGRP, calcitonin gene-related peptide;
CGRPA2, N-((1R)-1-(3,5-difluorophenyl)ethyl)-1,4-dimethyl-N-(2-oxo-2-(((2R)-29-oxo-1,19,29,3-tetrahydrospiro[indene-2,39-pyrrolo[2,3-b]pyridin]-5-
yl)amino)ethyl)piperidine-4-carboxamide; CGRP-R, CGRP receptor; CLR, calcitonin receptor-like receptor; CNS, central nervous system; CTR,
calcitonin receptor; Emax, maximal effective response; HPLC, high-performance liquid chromatography; Kd, dissociation constant; Ki, inhibition
constant; MK-3207, 2-[(8R)-8-(3,5-difluorophenyl)-10-oxo-6,9-diazaspiro[4.5]dec-9-yl]-N-[(2R)-29-oxo-1,19,29,3-tetrahydrospiro[indene-2,39-pyrrolo[2,3-
b]pyridin]-5-yl]acetamide; MK-4232, 2-[(8R)-8-(3,5-difluorophenyl)-6,8-dimethyl-10-oxo-6,9-diazaspiro[4.5]dec-9-yl]-N-[(2R)-29-oxo-1,19,29,3-tetrahydro-
spiro[indene-2,39-pyrrolo[2,3-b]pyridin]-5-yl]acetamide; MRI, magnetic resonance imaging; PET, positron emission tomography; P-gp, P-glycoprotein;
RAMP, receptor activity-modifying protein; RO, receptor occupancy; SUV, standardized uptake value; TAC, time-activity curve; T-RT, test-retest; VT, total
volume of distribution.
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composed of the calcitonin receptor-like receptor (CLR) and
receptor activity-modifying protein-1 (RAMP1). CLR is a classic
G-protein–linked receptor that is coupled through adenylyl
cyclase. CGRP-Rs are expressed in the central nervous system
(CNS), particularly in the brainstem and cerebellum as well as
in the periphery on vascular smoothmuscle cells. CGRP levels in
the cranial circulation have been shown to increase during
a migraine attack and CGRP itself has been shown to trigger
migraine headache with concomitant dilation of the middle
meningeal artery, a branch of the maxillary artery (Asghar
et al., 2011). However, a recent study has contradicted these
findings, suggesting that there is no dilation of extracranial
arteries in migraine and the cause of migraine thus may be
mediated by CNS mechanisms (Amin et al., 2013). There-
fore, it is not clear whether CGRP-R antagonists are effective
by antagonism of CGRP-R in the peripheral trigeminovas-
cular system, or whether antagonism of central CGRP-R is
a component of efficacy.
Telcagepant (Fig. 1) is a potent, selective CGRP-R antag-

onist (Paone et al., 2007), and clinical efficacy studies have
established that telcagepant is effective in the treatment of
acute migraine pain (Ho et al., 2008). Positron emission
tomography (PET) is a technology that can noninvasively
quantify relationships between the levels of drug adminis-
tered and its receptor occupancy (RO) in central compart-
ments (Matthews et al., 2012). Since the relationship between
the efficacy of CGRP-R antagonists in migraine treatment
and the extent of central CGRP RO is unknown, we sought
to discover a CGRP-R PET tracer to quantify the level of
central CGRP RO achieved by efficacious doses of telcage-
pant. This knowledge could support dose selection for
CGRP-R antagonists in development and inform on the need
for CNS penetration for a next generation of CGRP-R
antagonists.
There are no published reports of a PET tracer for in vivo

quantification of central CGRP-R. Herein, the characteriza-
tion of the CGRP PET tracer [11C]MK-4232 (2-[(8R)-8-(3,5-

difluorophenyl)-6,8-dimethyl-10-oxo-6,9-diazaspiro[4.5]decan-
9-yl]-N-[(2R)-29-oxospiro[1,3-dihydroindene-2,39-1H-pyrrolo[2,3-
b]pyridine]-5-yl]acetamide) in rhesus monkey and human
PET studies is described, including [11C]MK-4232 PET RO
studies with telcagepant in the human brain. In addition,
PET studies with [11C]CGRPA2 [N-((1R)-1-(3,5-difluoro-
phenyl)ethyl)-1,4-[4-11C]dimethyl-N-(2-oxo-2-(((2R)-29-oxo-1,
19,29,3-tetrahydrospiro[indene-2,39-pyrrolo[2,3-b]pyridin]-
5-yl)amino)ethyl)piperidine-4-carboxamide], a non-brain-
penetrant CGRP-R antagonist, were performed to investigate
the potential contribution of vascular CGRP-R to the brain
CGRP-R PET signal.

Materials and Methods
[11C]CO2 was produced by Siemens Molecular Imaging Biomarker

Solutions, Inc. (North Wales, PA). The [11C]CO2 was converted to
[11C]methyl triflate using a TRACERlab FXc (GE Healthcare,
Wauwatosa, WI). Telcagepant, MK-3207 (2-[(8R)-8-(3,5-difluoro-
phenyl)-10-oxo-6,9-diazaspiro[4.5]dec-9-yl]-N-[(2R)-29-oxo-1,19,29,3-
tetrahydrospiro[indene-2,39-pyrrolo[2,3-b]pyridin]-5-yl]acetamide),
MK-4232,N-desmethyl MK-4232, CGRPA2, andN-desmethyl CGRPA2
were prepared at Merck Research Laboratories (West Point, PA)
according to published methods (Paone et al., 2007; Bell et al., 2010,
2013). Radiochemical procedures were performed remotely in a lead hot
cell using a modified 233XL liquid handler (Gilson, Inc., Middleton,WI)
(Hostetler et al., 2001). The PET tracer identity, radiochemical purity,
and specific activity were determined by evaluation on a Waters 600E
high-performance liquid chromatography (HPLC) system equipped
with aWaters 996 UV detector (Waters, Milford, MA) and a FlowCount
photodiode radiodetector (Bioscan Inc., Washington, DC). A Waters
XTerra C18 column (4.6 � 150 mm, 5 mm) with a mobile phase of
acetonitrile (solvent A) and 95:5 MeCN/H2O (0.1% trifluoroacetic acid)
(solvent B) at 1 ml/min was usedwith a 15-minute linear gradient of 20:
80 A/B to 90:10 A/B. The identity of the radioligand was determined by
an independent coinjection with unlabeled reference compound.
Radiochemical purity was determined by calculating the percent
radioactivity attributed to isolated peak in the radioactive HPLC trace
after integration of all radioactive peaks. The specific activity (GBq/mmol)

Fig. 1. Structure and selected properties of the
CGRP-R antagonists telcagepant, MK-3207,
[11C]MK-4232, and [11C]CGRPA2.
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of the radioligandwas determined bywithdrawing an aliquot (0.5–1.5ml)
of the tracer, determining the amount of radioactivity in a dose calibrator,
and correcting for decay from end of synthesis. The aliquot was evaluated
by HPLC and the UV response was compared against a calibration curve
that was prepared with the unlabeled reference standard to determine
the mass associated with the decay-corrected radioactivity of the injected
aliquot.

In Vitro Binding Studies

The inhibition constant (Ki) for inhibition of [125I]CGRP binding
was determined as previously described using membranes from
human embryonic kidney 293 cells stably expressing human CGRP
(Salvatore et al., 2008). MK-4232 binding to CLR and calcitonin
receptor (CTR) heterodimers CLR/RAMP3, CTR/RAMP1, and CTR/
RAMP3 was determined as previously described (Salvatore et al.,
2010). In vitro binding studies with [3H]MK-4232 in rhesus monkey
(female donor) and human (male donor) brain cerebellum homogenate
were performed analogous to previously reported procedures (Hamill
et al., 2009).

Lipophilicity Measurements

The log D of MK-4232 was determined by partitioning the compound
between octanol and phosphate buffer at pH 7.4 and measuring the
concentration of MK-4232 in each layer (Dohta et al., 2007).

Transport in P-Glycoprotein–Transfected Cell Lines

The P-glycoprotein (P-gp) transport ratio (i.e., the ratio of perme-
abilities across each direction of the cell monolayer) for each compound
was evaluated across monolayers of porcine renal epithelial cells over-
expressing human P-gp (Yamazaki et al., 2001). Verapamil, a known P-gp
substrate, was evaluated as a positive control.

Autoradiography

Autoradiography with [3H]MK-4232 in rhesus monkey (male
donor) and human (female donor) brain slices was performed similar
to previously reportedmethods (Hamill et al., 2009). Brain slices were
incubated at room temperature with [3H]MK-4232 (0.1 nM).

Preclinical PET Studies

Animals. All monkey PET imaging studies were conducted under
the guiding principles of the American Physiologic Society and the
National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23, revised 1996) and
were approved by the West Point Institutional Animal Care and Use
Committee at Merck Research Laboratories. Rhesus monkeys (male,
approximately 10 kg, n 5 6) were initially sedated with ketamine
(10 mg/kg i.m.) and then induced with propofol (5 mg/kg i.v.), intubated,
and respired with medical-grade air at approximately 10 ml per
breath per kilogram and 20 respirations per minute. The anesthesia
was maintained with propofol (0.4 mg·kg21·min21) for the duration of
the study. Body temperature was maintained with circulating water
heating pads, and temperature, oxygen saturation, and end-tidal CO2

were monitored for the duration of the study.
Preparation of [11C]MK-4232 and [11C]CGRPA2. [11C]MK-

4232 was prepared by distillation of [11C]methyl triflate (11.1 GBq)
into a solution of N-desmethyl MK-4232 (0.5 mg, 0.9 mmol) in acetone
(0.3 ml) at room temperature. After 1 minute, the reaction was diluted
with 10 mM disodium phosphate (0.25 ml) and purified by semi-
preparative HPLC (Gemini C18 column, 10 � 150 mm, 5 mm;
Phenomenex, Torrance, CA) using a mobile phase of 60:40 ethanol/
5 mM sodium citrate at a flow of 3 ml/min. The peak corresponding to
[11C]MK-4232 (retention time of approximately 8 minutes) was
collected, diluted with saline, and transferred to a sterile capped vial
to provide [11C]MK-4232 with a radiochemical purity .97% and
specific activity .37 GBq/mmol.

With the exception of usingN-desmethyl CGRPA2 as the precursor,
[11C]CGRPA2 was prepared using methods analogous to those used
for [11C]MK-4232.

Imaging Procedure. PET scans were performed on an ECAT
EXACT HR1 (Siemens Healthcare, Knoxville, TN) in three-dimensional
(3D) mode; transmission data for attenuation correction were
acquired in two-dimensional (2D) mode before injection of the
radiopharmaceutical. Dynamic emission scans were performed for
120 minutes after bolus intravenous injection of [11C]MK-4232 or
[11C]CGRPA2 (approximately 185 MBq). Data were reconstructed
using a 3D ordered-subset expectation maximization iterative algorithm
with 6 iterations and 16 subsets and an all-pass ramp filter. Animals
were scanned on a Siemens Trio 3T magnet to obtain magnetic
resonance images.

For RO PET studies, a CGRP-R antagonist (MK-4232, MK-3207, or
telcagepant) was administered as an intravenous bolus plus constant
infusion (in 10:40:50 ethanol/PEG400/H2O) starting 60 minutes
before tracer injection with the infusion maintained throughout the
PET scan. For some studies, telcagepant was administered orally via
oral gavage (in 1:1 Imwitor 742/polysorbate 80) 24 hours prior to
tracer injection. For each PET study, [11C]MK-4232 plasma concen-
trations were obtained from the measurement of total radioactivity in
arterial plasma with correction for the fraction of intact tracer as
determined by HPLC analysis. Plasma drug levels of telcagepant,
MK-3207, or MK-4232 during the PET scan were determined from
venous blood samples.

Image Analysis and Quantification. PET data were corrected
for isotope decay, attenuation, scatter, and dead-time. For each
animal, a PET template was obtained by averaging all of the frames in
the dynamic acquisition under baseline conditions. Each animal’s
magnetic resonance imaging (MRI) scan and PET template were
coregistered using SPM99 (http://www.fil.ion.ucl.ac.uk/spm). With
the assistance of the MRI scan and the PET template, regions of
interest were then drawn using the Montreal Neurologic Institute
DISPLAY software. All subsequent PET images were coregistered to
the PET template.

Tissue time-activity curves (TACs) were obtained by projecting the
defined regions of interest onto all frames of the dynamic PET scans
and were expressed as the standardized uptake value (SUV) by using
the animal’s weight and the corresponding tracer injected activity
(Bq) (eq. 1):

TACðSUVÞ5TACðBq=mlÞ �WeightðkgÞ � 1000ðml=kgÞ
Tracer injectedðBqÞ (1)

Coregistration of PET scans to PET templates, extraction of TACs
from dynamic scans, and all subsequent analyses were performed
using in-house developed analysis software written in Matlab (The
MathWorks, Inc., Natick, MA).

The TACs were fit using spectral analysis, a data-driven method,
using the metabolite-corrected arterial input function to determine
the total volume of distribution (VT) (Cunningham and Jones, 1993).
Percent test-retest (T-RT) variability of VT was determined as follows
(eq. 2):

T2RTð%Þ5100%� 2� jVTðscan 1Þ2VTðscan 2Þj
VTðscan 1Þ1VTðscan 2Þ (2)

RO was calculated using the Lassen plot (Cunningham et al.,
2010). For each PET occupancy study, the estimated RO was as-
sociated with the average drug plasma levels during the PET
scan. SigmaPlot (version 9.0; SYSTAT Software, San Jose, CA) was
used to obtain the relationship between CGRP RO and plasma drug
concentrations for MK-4232 and MK-3207 based on a two-parameter
Hill equation (Emax 5 100%). The telcagepant data set lacked the
range of PET occupancy data desired for a robust curve fit; therefore,
a one-parameter Hill equation with the Hill coefficient fixed at 1.0
and Emax 5 100% was used to describe the telcagepant plasma level/
CGRP RO relationship.
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Human PET Studies

Subjects. Healthy male volunteers participated in these studies
(n 5 10; age range, 21–49 years). Subjects were recruited through
advertisements placed in a local newspaper and on a hospital website.
Written informed consent was obtained before undergoing the PET
study. These experiments conformed to the International Guidelines
of Good Clinical Practice and the latest version of the Declaration of
Helsinki for healthy volunteer studies, and were approved by the
Ethics Committee of the University Hospitals of Leuven (Leuven,
Belgium). The safety and tolerability of [11C]MK-4232 was assessed
throughout the study by monitoring subjects for clinical adverse
experiences. Physical examinations, vital signmeasurements, 12-lead
electrocardiograms, and laboratory safety tests (hematology, chemis-
try, and urinalysis) were performed at specified intervals to detect any
medically meaningful effects of the tracer on physiology.

Preparation of [11C]MK-4232. Preparation of [11C]MK-4232
was similar to the procedure described for rhesus monkey PET
studies with slight modifications. The reaction mixture was diluted
with aqueous disodium phosphate (10 mM) and purified by isocratic
semipreparative HPLC using an eluent of 55% ethanol, 45% 10 mM
disodium phosphate at a flow rate of 2 ml/min. The radioactive peak
corresponding to [11C]MK-4232 was collected, diluted, and passed
through a sterile filter into a sterile vial to provide a sterile, pyrogen-
free solution of [11C]MK-4232 in 10% ethanol, 1% Captisol, 10 mM
sodium phosphate, 0.9% sodium chloride, pH 7.4. The formulated
[11C]MK-4232 had a radiochemical purity $95% and the mass of
unlabeled MK-4232 administered was #6 mg per tracer administra-
tion for all PET occupancy studies.

Imaging Procedure. PET scans were performed on a Hi-Rez
Biograph 16 scanner (Siemens Healthcare). Prior to scanning, a venous
cannula was inserted for tracer injection and, for occupancy studies,
blood sampling for determination of telcagepant plasma levels. A radial
artery cannula was placed under local anesthesia for blood sampling to
determine the arterial plasma concentration of radioactivity due to
[11C]MK-4232. The head was restrained to reduce movement artifacts
during the scan. After positioning of the subject in the scanner,
approximately 300 MBq of [11C]MK-4232 was injected intravenously,
simultaneously starting a 90- or 120-minute dynamic emission PET
scan. Data were reconstructed using a 3D ordered-subset expectation
maximization iterative reconstruction with five iterations and eight
subsets and a postsmoothing with a 3DGaussian filter (5 mm full width
at half maximum). In addition to the PET scans, all subjects underwent
a volumetric T1-weighted MRI scan with 1�1�1 mm voxel size.

Six healthy male subjects received two baseline PET scans with
[11C]MK-4232 (intravenously; bolus or 5-minute infusion) on the same
day or on consecutive days to determine the T-RT variability of tracer
VT. For PET occupancy studies (n5 6), each subject was given an oral
dose of telcagepant (140 or 1120 mg). The PET scan was initiated
either 2 hours (for the 140 mg dose) or 3 hours (for the 1120 mg dose)
postdose. For all studies, arterial blood samples (2 ml) were
withdrawn manually throughout the PET scan to measure the
[11C]MK-4232 arterial input function curve. The samples were
centrifuged and the resulting plasma was counted in a gamma
counter. Additional arterial samples (5 ml) were taken for measuring
the fraction of unchanged [11C]MK-4232 in plasma. After each 5-ml
sample, the line was flushed with heparinized saline. For background,
a 1.5-ml blood sample was taken prior to radiotracer injection. The
measured [11C]MK-4232 fractions were fit to a monoexponential
function: f(t) 5 a1e

-bt1a2. This function was used to correct the total
plasma radioactivity for radiolabeled metabolites, thus providing the
[11C]MK-4232 arterial input function needed for tracer kinetic
modeling and quantification of CGRP-R availability.

Image Analysis and Quantification. PET data processing, TAC
generation, TAC fitting, and RO estimation were performed as
described for the rhesus monkey PET studies. For each PET occupancy
study, the average plasma concentration of telcagepant during the PET
study was associated with the RO determined from the PET study.

Results
Affinity and Specificity

MK-4232 demonstrated high binding affinity (Ki 5 0.046
nM) for the recombinant humanCGRP-R.MK-4232 is selective
for the CGRP-R (CLR/RAMP1) relative to the adrenomedullin
2 receptor (CLR/RAMP3) (Ki 5 211 nM). MK-4232 displays
high affinity for the related human amylin 1 (AMY1; CTR/
RAMP1) receptor (Ki 5 0.6 nM), and is selective versus the
human amylin 3 (AMY3; CTR/RAMP3) receptor (Ki 5 212 nM).

In Vitro Tissue Binding Studies

[3H]MK-4232 exhibits specific binding in vitro in rhesus
monkey and human brain (Figs. 2 and 3) and the anatomic
localization of [3H]MK-4232 binding sites are consistent with
the known distribution of the CGRP-R (Tschopp et al., 1985;
Inagaki et al., 1986; Salvatore et al., 2010). The cerebellum and
substantia nigra showed the highest binding density, and the
meninges, brainstem, and hippocampus showed moderate
binding density. Low binding density was observed throughout
the remainder of the cerebral gray matter. In vitro saturation
binding studies with [3H]MK-4232 in rhesus monkey and
human cerebellum homogenates showed that MK-4232 binds
with high affinity to a single, saturable binding site in rhesus
monkey and human cerebellum (Table 1).

Rhesus Monkey PET Studies

Baseline PET studies with [11C]MK-4232 in rhesus mon-
keys revealed rapid tracer distribution into the brain that did
not clear appreciably from the brain during the duration of the
PET scan (Fig. 4). [11C]MK-4232 concentration was highest in
the cerebellum and brainstem, moderate in all other gray
matter regions, and lowest in white matter (Fig. 5), consistent
with the known distribution of CGRP-R. [11C]MK-4232
kinetics were described by spectral analysis, a data-driven

Fig. 2. [3H]MK-4232 in vitro autoradiography of rhesus monkey brain
slices.
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method using the metabolite-corrected arterial input function
(Cunningham and Jones, 1993). [11C]MK-4232 VT estimates
were stable after 60 minutes of PET data. Repeat baseline
scans with [11C]MK-4232 in six monkeys showed intrasubject
VT variability of 4 6 2% (Table 2).
Baseline PET studies with the potent CGRP-R antagonist

[11C]CGRPA2 in rhesusmonkeys revealed no significant binding
signal in the brain (Fig. 6). This result is consistent with the
localization of CGRP-Rs in the brain and the inability of
[11C]CGRPA2 to access the brain due to P-gp susceptibility. In
vitro, [3H]CGRPA2 displays the same distribution and binding site
density in monkey brain as does [3H]MK-4232 (Zeng et al., 2009).
Initial rhesus monkey CGRP-R PET occupancy studies

were conducted with unlabeled MK-4232 to characterize the
utility of [11C]MK-4232. As expected, increased plasma levels
of MK-4232 were concomitant with increased CGRP-R
occupancy as measured by [11C]MK-4232 PET studies. Sub-
sequent PET occupancy studies with two different CGRP-R
antagonists, MK-3207 and telcagepant, confirmed the ability
of [11C]MK-4232 to differentiate the in vivo potency of CGRP-
R antagonists (Fig. 7). The PET-determined Occ50 values for
MK-4232, MK-3207, and telcagepant were 116 3, 440 6 130,
and 5700 6 1900 nM, respectively.

Human Baseline PET Studies with [11C]MK-4232

Clinical safety data indicated that intravenous administra-
tion of [11C]MK-4232 was generally safe and well tolerated.
There were no adverse experiences related to the adminis-
tration of [11C]MK-4232.

Baseline [11C]MK-4232 distribution and kinetics in human
brain were similar to those observed in monkey brain: rapid
brain penetration followed by a slow increase in tracer
distribution throughout all brain regions over the time period
measured (Fig. 8). The highest tracer concentration was found
in the cerebellum, with moderate levels of distribution
throughout the rest of the gray matter. The tracer concentra-
tion in the white matter was lower than in gray matter, similar
to that in rhesus monkeys and consistent with autoradiogra-
phy with [3H]MK-4232 in human brain tissue slices.
[11C]MK-4232 VT in humans was calculated using spectral

analysis with the metabolite-corrected tracer arterial input
function. Comparison of the cerebellum VT using 60, 90, and
120 minutes of PET data revealed that VT was stable after 60
minutes of PET data (data not shown). The average T-RT
variability of baseline [11C]MK-4232 VT in the cerebellum was
6 6 3% (n 5 6 subjects) (Table 3).

Human CNS Occupancy by Telcagepant

Initial central RO PET studies with telcagepant were
performed at a dose of 1120 mg. [11C]MK-4232 was admin-
istered approximately 3 hours after the telcagepant dose to

Fig. 3. [3H]MK-4232 in vitro autoradiography of human brain slices.

TABLE 1
Bmax and Kd values derived from the single-site curve-fit to [3H]MK-4232
saturation binding in monkey and human cerebellum tissue
homogenates

Tissue Bmax Kd Bmax/Kd

nM nM

Rhesus monkey cerebellum 23.9 6 3.4 0.22 6 0.04 113 6 26
Human cerebellum 33.4 6 1.0 0.27 6 0.09 131 6 39

Fig. 4. [11C]MK-4232 TACs in rhesus monkey brain cerebellum (trian-
gles), cortex (circles), and white matter (squares) at baseline (open
symbols) and post–MK-3207 (filled symbols).

Fig. 5. Averaged (0–90 minutes) PET images (overlaid on MRI image)
of [11C]MK-4232 in rhesus monkeys at baseline (left image) and after
MK-3207 administration (right image). Color scale is in SUV.
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coincide with Tmax of the 1120 mg dose. RO was determined
from a 90-minute PET scan. Tracer uptake was decreased in
all regions relative to the baseline scan in the same subject
(Figs. 8 and 9). A moderate RO (43–58%) was achieved by this
high dose of telcagepant in three healthy volunteers (Table 4).
Additional RO studies were conducted at 140 mg telcage-

pant, a dose that has been shown to be effective for the
treatment of a migraine attack (Ho et al., 2010). [11C]MK-4232
was administered approximately 2 hours post-telcagepant to
correspond with the primary efficacy pain freedom and pain
relief endpoints in previous clinical studies. Tracer uptake in
the brain did not decrease appreciably relative to the baseline
scan in the same subject (Fig. 9). Kinetic modeling of the PET
data revealed very low (#10%) central CGRP RO in three
subjects that underwent PET studies after a 140 mg dose of
telcagepant (Table 4).

Discussion
[11C]MK-4232 meets all of the basic in vitro criteria for

a CNSPET tracer: high affinity (Kd5 0.27 nM in human brain
tissue), moderate lipophilicity (log D5 3.38), good passive cell
permeability (25 � 1026 cm/s), and low susceptibility for P-gp
(P-gp transport ratio 5 1.7) (Patel and Gibson, 2008). In
addition, [11C]MK-4232 is synthesized utilizing a simple and
reliable radiochemical reaction which provides the radio-
tracer in good radiochemical yield and with high purity
(.95%) and high specific activity (.37 GBq/mmol). These
characteristics are critical for routine PET tracer production
in a clinical setting.
Saturation binding studies with [3H]MK-4232 in cerebellum

tissue homogenate from rhesus monkey and human brain

indicate that MK-4232 binds to a single site of similar density
with identical affinity in the cerebellum of both species,
indicating excellent selectivity for imaging CGRP-R. The
Bmax/Kd ratio observed in the cerebellum was similar in
humans and rhesus monkeys. The in vivo signal from a PET
tracer is expected to be directly proportional to its in vitro Bmax/
Kd ratio. Hence, [11C]MK-4232 was predicted to provide a large
specific signal in human cerebellum, comparable with the specific
signal observed in the cerebellum of rhesus monkeys.
In vivo PET studies in rhesus monkeys show that [11C]MK-

4232 penetrates the blood–brain barrier (BBB) rapidly, with

TABLE 2
Repeat measure of [11C]MK-4232 baseline VT in six rhesus monkeys

Monkey VT Baseline VT Baseline 2 T-RT

ml/cm3 ml/cm3 %

A 13.5 13.7 1
B 12.7 13.5 5
C 11.1 11.4 3
D 14.6 15.1 4
E 13.2 13.5 3
F 14.5 13.4 8

Fig. 6. Averaged (0–90 minutes) PET image (overlaid on MRI image) of
[11C]CGRPA2 in rhesus monkeys at baseline. Color scale is in SUV.

Fig. 7. Plot of drug plasma concentration versus CGRP RO for MK-4232
(filled circles), MK-3207 (open circles), and telcagepant (filled triangles) in
rhesus monkeys as determined from PET studies occupancy studies using
[11C]MK-4232.

Fig. 8. [11C]MK-4232 TACs in human brain cerebellum (triangles), cortex
(circles), and white matter (squares) at baseline (open symbols) and post-
telcagepant (1120 mg) (filled symbols).
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a regional brain distribution consistent with in vitro autoradi-
ography results and the known distribution of CGRP-R. The
highest concentration of [11C]MK-4232 is observed in the
cerebellum. The exact role of CGRP-R localization in the
cerebellum in not clear, but activation of cerebellar regions has
been demonstrated by PET in patients duringmigraine attacks
(Weiller et al., 1995; Bahra et al., 2001), and recent studies
indicate that the cerebellum might have a role in nociception
and migraine (Vincent and Hadjikhani, 2007; Borsook et al.,
2008; Moulton et al., 2010). Spreading depression, cerebellar
dysfunction, and familial hemiplegic migraine have also
suggested a connection between the cerebellum andmigraines.
Moderate concentration of [11C]MK-4232 was observed
throughout the rest of the brain. Since themaximum resolution
of the PET camera used in these studies is approximately 5mm
axially, tracer binding in regions with dimensional attributes
smaller than the axial resolution of the camera is subject to
partial volume effects; therefore, the tracer appears distributed
over a larger volume than in reality. For [11C]MK-4232, this
phenomenon occurs with the tracer binding in the meninges,
which is manifested as distribution in the cortex and other
gray matter regions in which meninges are present. In vitro
autoradiography, a technique of much higher resolution, is able
to identify tracer binding in the area of the meninges (Figs. 2
and 3). However, autoradiography does not have sufficient
resolution to identify the exact location of tracer distribution
in themeninges (e.g., blood vessels, dura, arachnoid, or piamater).
The localization of [11C]MK-4232 displaceable binding in

monkey brain was confirmed to be in the CNS gray matter, not
in the brain vasculature, by evaluation of PET studies with the
non-brain-penetrant CGRP-R PET tracer [11C]CGRPA2. As
a P-gp substrate, [11C]CGRPA2 would only show a PET signal
related to binding in the vasculature or distribution in other
non-CNS organs. If CGRP-R were present in the brain
vasculature in sufficient concentrations for imaging, a PET
signal would have been observed with [11C]CGRPA2. This
provides evidence that the binding observed in PET studies
with [11C]MK-4232 is on the brain side of the BBB. However,
this does not preclude the vasculature as the site of action for
CGRP-R antagonists in migraine treatment. It only suggests

that the concentration of CGRP-Rs in the cerebral blood
vessels are not of sufficient density to provide an imaging
signal in a PET study with [11C]CGRPA2. The brain uptake of
[11C]MK-4232 continued to rise over time after the initial
rapid brain uptake. Formation of brain-penetrant radioactive
metabolites may be a possible explanation for the increase of
radioactivity in the brain over time. However, the tracer
kinetics in the brain are reflective of [11C]MK-4232 kinetics in
plasma, which also typically rise slightly throughout the PET
scan. In addition, the VT values stabilize by 60 minutes,
indicating that the tracer kinetics in the brain achieve steady
state rapidly with respect to kinetics in plasma. Compart-
mental modeling of the tracer data suggests a low k2 (efflux
constant from brain to plasma), which may explain the slow
tracer kinetics in the brain (Innis et al., 2007). Reassuringly,
the tracer model accurately describes the tracer kinetics under
both baseline and drug challenge conditions.
[11C]MK-4232 was demonstrated to be useful for quantifi-

cation of CGRP-R occupancy in rhesus monkeys. The average
T-RT variability of [11C]MK-4232 VT at baseline was 4 6 2%
(n 5 6 monkeys). This low baseline variability provides
further confidence that if there are radiolabeled brain-
penetrant metabolites, their levels are low and/or they are
consistent from scan to scan. In addition, the low baseline
variability suggests that [11C]MK-4232 will be sufficiently
sensitive to determine small changes in occupancy by CGRP-
R antagonists. Further characterization of [11C]MK-4232
in RO studies with MK-4232, MK-3207, and telcagepant
confirmed this ability. Evaluation of the RO achieved by
MK-4232 andMK-3207 at steady-state plasma levels revealed
drug plasma/receptor occupancy relationships that were
described by a two-parameter Hill equation as expected for
a well behaved PET tracer (Fig. 7). Significantly, high plasma
levels of MK-3207 demonstrated that it is possible to achieve
complete displacement of [11C]MK-4232 in vivo in all regions
of rhesus monkey brain (Figs. 4 and 5).
It is also of interest thatMK-3207, a P-gp substrate, blocked

the [11C]MK-4232 signal in the cortex (i.e., meninges) in
concert with the [11C]MK-4232 signal in the cerebellum. This
provides further evidence that the CGRP-Rs visualized in the
meninges in the [3H]MK-4232 autoradiography studies and
[11C]MK-4232 PET studies are primarily on the brain side of
the BBB. If the specific binding in the meninges were on the
blood side of the BBB, a P-gp substrate such as MK-3207
would block tracer uptake in the cortex at lower plasma levels
than those required to block tracer uptake in the cerebellum,
where CGRP-Rs are predominantly localized in gray matter.
However, evaluation of [11C]MK-4232 PET data from occu-
pancy studies with MK-3207 and telcagepant revealed
changes in tracer binding in the cortex and cerebellum
changed in concert. PET occupancy studies with CGRP-R
antagonists telcagepant, MK-3207, and MK-4232 confirmed

TABLE 3
Repeat measure of [11C]MK-4232 baseline VT in six healthy human
volunteers

Subject VT Baseline 1 VT Baseline 2 T-RT

ml/cm3 ml/cm3 %

1 10.3 10.8 5
2 11.0 11.8 7
3 13.4 13.5 1
4 12.3 13.1 7
5 13.4 14.7 9
6 11.9 10.9 9

Fig. 9. [11C]MK-4232 averaged PET images (over-
laid on MR image) in human brain at baseline (left
panel) and after 140 and 1120 mg telcagepant
(center and right panels, respectively). Color scale
is in SUV.
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the ability of [11C]MK-4232 to differentiate the in vivo potency
of CGRP-R antagonists as expected (Occ50:MK-4232,MK-3207
, telcagepant) based on the combination of rank order of in vitro
affinity for CGRP-R (Ki: MK-4232 ∼ MK-3207 , , telcagepant)
and susceptibility for the BBB efflux pump P-gp (P-gp efflux
ratio: MK-4232 , , MK-3207 ∼ telcagepant).
Human baseline PET studies with [11C]MK-4232 showed

tracer kinetics and distribution very similar to what was
observed in rhesus monkey PET studies, with rapid tracer
distribution into the brain that continued to increase slowly over
the duration of the PET scan. T-RT variability of [11C]MK-4232
VT in cerebellum was low on average (6 6 3%) in all six human
subjects evaluated, suggesting that [11C]MK-4232 will be
sensitive to measurement of small changes in RO. The PET
RO studies with 140 mg telcagepant were designed to emulate
the timing of phase III clinical efficacy studies in migraineurs
(Ho et al., 2010). This approach allowed for projection of the
central CGRP RO achieved at the time of telcagepant efficacy
measurement. Initial studies in healthy volunteers at a high
dose of telcagepant (1120 mg) showed that significant central
CGRP RO is achieved at supratherapeutic doses. However, at
a lower, efficacious dose (140 mg) of telcagepant, very low RO
(#10%) was observed (Table 4). Orthosteric antagonist mech-
anisms typically require moderate to high RO to produce a
pharmacodynamic effect resulting in efficacy (Grimwood and
Hartig, 2009). Therefore, the very low occupancy achieved by an
efficacious dose of telcagepant indicates that central occupancy
of CGRP-R is not required for efficacy in migraineurs. However,
it is possible that high central RO (e.g., .70%) may provide
additional efficacy for migraineurs or for some other therapeutic
indication. It is of note that the patient response rate in
telcagepant efficacy studies was approximately 50%. One could
speculate that some subjects may require more extensive,
central antagonism of CGRP-R to achieve migraine relief. A
therapeutic candidate with the ability to achieve higher CGRP
RO at a well tolerated dose is needed to clinically test these
hypotheses.
In conclusion, [11C]MK-4232 is a suitable PET tracer for

determination of CGRP-R occupancy in rhesus monkeys and
healthy human volunteers. MK-3207 and telcagepant are
potent CGRP-R antagonists that affect plasma concentration-
dependent antagonism of CGRP-R in rhesus monkey brain as
determined by [11C]MK-4232 PET studies. In a limited
number of human PET studies, high plasma concentrations
of telcagepant (16–22 mM) resulted in moderate CGRP RO
(43–58%) . At a dose that was efficacious in phase III clinical
trials (140 mg PO), telcagepant did not achieve significant RO
(4–10%). These results indicate that inhibition of central
CGRP-R is not essential for the relief of migraine pain by

telcagepant. Further studies with more brain-penetrant
CGRP antagonists are required to see if additional anti-
migraine efficacy can be gained by achieving high central
CGRP RO.
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