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ABSTRACT
The k-opioid receptor (KOR) is thought to play an important
therapeutic role in a wide range of neuropsychiatric and substance
abuse disorders, including alcohol dependence. LY2456302 is a
recently developed KOR antagonist with high affinity and selectiv-
ity and showed efficacy in the suppression of ethanol consumption
in rats. This study investigated brain penetration and KOR target
engagement after single oral doses (0.5–25 mg) of LY2456302 in
13 healthy human subjects. Three positron emission tomography
scans with the KOR antagonist radiotracer 11C-LY2795050 were
conducted at baseline, 2.5 hours postdose, and 24 hours post-
dose. LY2456302 was well tolerated in all subjects without serious

adverse events. Distribution volume was estimated using the
multilinear analysis 1 method for each scan. Receptor occupancy
(RO) was derived from a graphical occupancy plot and related to
LY2456302 plasma concentration to determine maximum occu-
pancy (rmax) and IC50. LY2456302 dose dependently blocked the
binding of 11C-LY2795050 and nearly saturated the receptors at
10 mg, 2.5 hours postdose. Thus, a dose of 10 mg of LY2456302
appears well suited for further clinical testing. Based on the
pharmacokinetic (PK)-RO model, the rmax and IC50 of LY2456302
were estimated as 93%and 0.58 ng/ml to 0.65 ng/ml, respectively.
Assuming that rmax is 100%, IC50 was estimated as 0.83 ng/ml.

Introduction
Opioids are a family of peptides that produce their effects

via G-protein–coupled receptors of at least three subtypes:
m (MOR), d (DOR), and k (KOR). There is a substantial body of
evidence for KOR as a therapeutic target in a diverse set of
neuropsychiatric and substance abuse disorders. For exam-
ple, in alcohol dependence, an increasing number of reports
have demonstrated efficacy of k antagonists. A study by
Walker and Koob (2008) found that the selective k antagonist

norbinaltorphimine selectively reduced ethanol intake in
ethanol-dependent rats, suggesting that KOR antagonism
could be a viable mechanism for the treatment of patients
with a history of alcohol dependence. Additionally, the
selective k antagonist JDTic [(3R)-7-hydroxy-N-[(2S)-1-
[(3R,4R)-4-(3-hydroxyphenyl)-3,4-dimethyl-1-piperidinyl]
methyl]-2-methylpropyl)-1,2,3,4-tetrahydro-3-isoquinoline-
carboxamide] decreased ethanol-seeking and relapse drinking
in alcohol-preferring rats, but not maintenance responding
(Deehan et al., 2012).
LY24563021 is a high-affinity, selective KOR antago-

nist that is being developed for the treatment of alcohol
dependence. It has demonstrated at least a 30-fold func-
tional selectivity over MOR and DOR as determined by in
vitro opioid receptor binding experiments and in vivo
receptor occupancy (RO) and pharmacology assays (Rorick-
Kehn et al., 2014). In alcohol-preferring rats with a chronic
ethanol drinking history, LY2456302 potently reduced etha-
nol self-administration (Rorick-Kehn et al., 2014). In addi-
tion, LY2456302 produced an antidepressant-like signal in a
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dose-dependent manner in the mouse forced swim test and
appeared to have synergistic effects when administered with a
sub-activedose of imipramine. Taken together, thesedata suggest
that LY2456302 may hold potential in the treatment of ethanol-
dependent patients with comorbid symptoms of depression.
The primary aim of this study was to demonstrate brain

penetration and KOR target engagement after single oral
doses of LY2456302 in healthy human subjects. KOR occu-
pancy was assessed using the KOR specific antagonist
radiotracer 11C-LY2795050 (Zheng et al., 2013; Naganawa
et al., 2014, 2015) and positron emission tomography (PET)
across a range of doses (0.5–25 mg) that have been demon-
strated to be safe and well tolerated in a previous study (Lowe
et al., 2014). We measured RO at multiple doses and postdos-
ing times, and characterized the relationship between
LY2456302 plasma concentrations and KOR occupancy.

Materials and Methods
Human Subjects. Thirteen healthy male subjects (22–49 years of

age, 88 6 13 kg of weight) were enrolled. The study was approved by
the Yale University Human Investigation Committee and the Yale-
NewHavenHospital RadiationSafetyCommittee and in accordancewith
federal guidelines and regulations of the United States for the protection
of human research subjects contained in Title 45 Part 46 of the Code of
Federal Regulations (45 CFR 46). All subjects signed a written informed
consent. As part of the subject evaluation, magnetic resonance images
(MRIs) were acquired from each subject to eliminate those with anatomic
abnormalities and for PET image registration. The MRI acquisition
sequence was a three-dimensional MPRAGE MR pulse sequence (TE 5
3.3ms, flip angle 17 degrees, TI5 1100ms, TR5 2500ms) on a 3Twhole-
body scanner (Trio; SiemensMedical Systems, Erlangen, Germany) with
a circularly polarized head coil. The dimension and pixel size of MRIs
were 256 � 256 � 176 and 0.98 � 0.98 � 1.0 mm3, respectively.

Drug Synthesis and Supply. LY2456302 was synthesized as
previously reported (Mitch et al., 2011).

Radiotracer Synthesis. 11C-LY2795050 was synthesized as pre-
viously described (Zheng et al., 2013).

Study Design. This was a single-dose PET imaging study to
measure RO, PK, and a relationship between LY2456302 plasma
concentrations and RO. PET imaging scans were conducted after an
overnight fast of at least 8 hours.

A range of LY2456302 doses, which was demonstrated to be safe
and well tolerated, was evaluated in this study: 0.5 mg (n 5 2), 2 mg
(n 5 4), 4 mg (n 5 2), 10 mg (n 5 3), and 25 mg (n 5 1). LY2456302
capsules were administered orally and subjects were required to
continue fasting for at least 4 hours after dosing. A model-based
adaptive design approach was used to determine the dose levels, and
the sample size after RO and plasma drug levels were obtained after
the initial dose level (2 mg), which ensured the best use of the
subjects to characterize the relationship between KOR occupancy
and LY2456302 dosing and exposure.

Each subject underwent three PET scans (a baseline and two
postdose scans) with 11C-LY2795050. First, a baseline scan was
performed, after a single oral administration of LY2456302. Two
postdose PET scans were conducted at 2.5 and 24 hours after
LY2456302 administration. Timing of the post-dose PET scans was
selected based on human PK: maximum observed drug concentra-
tion in the plasma at 2.5 hours postdose (tmax) and trough level at
23–25 hours postdose. The baseline and 2.5 hours postdose PET scans
were conducted on the same day, and the 24-hour postdose scan was
performed on the following day.

Safety was assessed by physical examinations, collection of vital
signs, electrocardiograms, standard laboratory tests, and the record-
ing of adverse events (AEs).

Plasma Metabolite Analysis and Arterial Input Function
Measurement. A full description of the arterial input function
measurement can be found in a previous publication (Naganawa
et al., 2014). Briefly, on each PET scan day, an indwelling arterial
catheter was placed for blood sampling. An automated sampling
system (PBS-101; Veenstra Instruments, Joure, The Netherlands)
was used to measure the radioactivity in the whole blood plasma
continuously during the first 7 minutes. Subsequently, arterial
samples (2–10 ml) were collected manually for blood and metabolite
analysis. Arterial plasma samples at 5, 15, 30, 60, and 90 minutes
were used for analysis of the unmetabolized fraction of radiotracer
using a modified column-switching high-performance liquid chroma-
tography method (Hilton et al., 2000). The unmetabolized parent
fraction was fitted to a sum of exponentials.

Arterial blood sampling was not available for the 24-hour postdose
scan in three subjects and for the baseline and 2.5 hours postdose
scans in one subject. Themetabolite-corrected input function collected
on the other day (baseline scan for three subjects or the 24-hour
postdose scan for one subject) was scaled by the ratio of the injected
doses to derive the input function.

Plasma Drug Concentration Measurement. Up to nine venous
blood sampleswere collected at 0.5, 1, 2.5, 4, 6, 8, 12, 22.5, and 24 hours

TABLE 1
11C-LY2795050 injection parameters

Parameter Baseline
(n = 13)

2.5 h post-dose
(n = 12)

24 h post-dose
(n = 12)

Injected dose (MBq) 255 6 163 399 6 155 366 6 160
Injected mass (mg) 8.15 6 2.62 9.25 6 0.94 9.06 6 1.32
Specific activity at

time of injection
(MBq/nmol)

13 6 6 18 6 6 17 6 8

Data are mean 6 S.D.

Fig. 1. Mean6 S.D. of total plasma activity (A), unmetabolized fraction in the plasma (B), and metabolite-corrected plasma activity (C) after injection of
11C-LY2795050 in the baseline scans (closed circles, n = 12) and 2.5-hour postdose scans after oral dose of 10 mg LY2456302 (open circles, n = 3).
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after drug administration for determination of plasma concentration
of LY2456302 by liquid chromatography-tandem mass spectrometry
(LC-MS/MS), with the lower limit of quantification at 0.20 ng/mL, as
described previously (Lowe et al., 2014).

Image Acquisition. All dynamic PET scans were acquired for
90minutes on high-resolution research tomography (HRRT) (Siemens
Medical Solutions, Knoxville, TN), which acquires 207 slices (1.2-mm
slice separation) with a reconstructed image resolution of approxi-
mately 3 mm. Postdose scans could not be completed for one subject
and were therefore excluded from the PK-RO analysis. A 6-minute
transmission scan was conducted before radiotracer injection for
attenuation correction. Each scan was acquired in list mode after
intravenous administration of 11C-LY2795050 (mean 6 S.D.: 388 6
167 MBq, n 5 37) over 1 minute by an automatic pump (Harvard PHD
22/2000; Harvard Apparatus Holliston, MA). Dynamic scan data were
reconstructed in 27 frames (6� 0.5, 3� 1, 2� 2, and16� 5minutes)with
corrections for attenuation, normalization, scatter, randoms, and
deadtime using the MOLAR algorithm (Carson et al., 2003; Jin
et al., 2013). Motion correction was included in the reconstruction
algorithm based on measurements with the Polaris Vicra sensor (NDI
Systems, Waterloo, Canada) with reflectors mounted on a swim cap
worn by the subject.

Image Registration and Definition of Regions of Interest.
Regions of interest (ROI) were taken from the Automated Anatomic
Labeling (AAL) for SPM2 (Tzourio-Mazoyer et al., 2002) in Montreal
Neurologic Institute (Montreal, QC, Canada) space (Holmes et al.,
1998). For each subject, the dynamic PET images were coregistered to
the early summed PET images (0–10 minutes postinjection) using a
six-parametermutual information algorithm (FLIRT, FSL) (Viola and
Wells, 1997) to eliminate any residual motion. The summed PET
image was then registered to the subject’s T1-weighted 3T MRI (six-
parameter rigid registration), which was subsequently registered to
the AAL template using a nonlinear transformation (Bioimage Suite)
(Papademetris et al., 2005). Using the combined transformations from
template-to-PET space, regional time-activity curves (TACs) were
generated for 13 ROIs: amygdala, caudate, cerebellum, anterior
cingulate cortex, posterior cingulate cortex, frontal cortex, globus
pallidus, hippocampus, insula, occipital cortex, putamen, temporal
cortex, and thalamus.

Modeling and RO Calculation. Based on our previous study
(Naganawa et al., 2014), the multilinear analysis-1 method (Ichise
et al., 2003) with t* 5 20 minutes was applied to the regional TACs
using the arterial plasma TAC as input function to calculate
distribution volume (VT) (Innis et al., 2007). All modeling was
performed with inhouse programs written with IDL 8.0 (ITT Visual
Information Solutions, Boulder, CO). RO for each postdose scan was
calculated using an occupancy plot, shown in eq. 1 (Cunningham et al.,
2010):

VTðbaselineÞ2VTðpostdrugÞ5ROðVTðbaselineÞ2VNDÞ; (1)

where VND is the nondisplaceable distribution volume, and VT is
the regional distribution volume obtained at baseline or postdrug
administration.

PK-RO Analysis. The PK parameter estimates for LY2456302
were calculated by standard noncompartmental methods to charac-
terize basic PK properties. Primary parameters were maxi-
mum observed drug concentration (Cmax) and area under the
concentration-time curve (AUC) of LY2456302. Other noncompart-
mental parameters, such as apparent clearance and apparent volume
of distribution, were also calculated. Individual and population PK
parameter estimates for LY2456302 were calculated using nonlinear
mixed effect (NLME) modeling for PK-RO analysis.

The PK-RO relationship between LY2456302 plasma concentration
and KOR occupancy was evaluated using the conventional sigmoidal
rmax model, shown in eq. 2:

RO5
rmax � CP

IC50 1CP
; (2)

where CP is the LY2456302 plasma concentration, and IC50 is the
LY2456302 plasma concentration required to produce 50% of the
maximum RO (rmax). Two approaches were used to analyze the data.
First, a nonlinear least squares (NLLS) analysis was employed to
directly estimate the parameters from all the pooled data (i.e., pairs of
RO and CP from all scans). In this analysis, either two parameters
(IC50, rmax) or one parameter (IC50, rmax5100%) were estimated. This
NLLS analysis ignores intersubject variability for each parameter.
Second, a NLME model was used, which included the intersubject
variability of IC50. The confidence intervals of all parameter estimates
were calculated.

Results
Injection Parameters. Injection parameters of the radio-

tracer are listed in Table 1. Injected mass was carefully
controlled and so was not significantly different between
baseline and postdose scans. As a result of differences in
specific activity (specific activity of the radiotracer for the
2.5-hour postdose scans was significantly higher than that for
the baseline scans, P 5 0.048), the injected activity dose of the
postdose scanswas significantly higher than that of the baseline
scans (2.5 hours postdose: P 5 0.002, 24 hours postdose: P 5
0.045). Since kinetic modeling was applied to these data,
differences in injected dose had no effect on the results.

Fig. 2. LY2456302 mean plasma concentration-time profiles after single
doses of 0.5, 2, 4, 10, and 25 mg of LY2456302. Error bars indicate S.E.M.
Samples after 8 hours for 0.5 mg and before 2.5 hours for 25 mg were lower
than the limit of quantification (,0.20 ng/ml).

TABLE 2
PK parameters after single doses of LY2456302

aGeometric Mean (Geometric %COV)

0.5 mg (n = 2) 2 mg (n = 4) 4 mg (n = 2) 10 mg (n = 4) 25 mg (n = 1)
Cmax (ng/ml) 0.53–0.90 4.20 (71%) 4.21–5.63 12.6 (61%) 15.2
btmax (h) 1.00–2.55 2.50 (1.00–4.00) 1.00–4.00 2.50 (2.50–4.00) 4.07
AUC (0–tlast) (ng × h / ml) 2.42–3.66 28.4 (45%) 39.5–62.1 112 (45%) 154

aThe range for all parameters is reported where n = 2. Individual parameter is reported where n = 1.
bMedian (range).
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Metabolite Analysis and Arterial Input Function.
Total plasma activity and parent fraction in the baseline scans
were similar to those from the 2.5 hours postdose scans with
10 mg of LY2456302 (Fig. 1, A and B). The metabolite-
corrected plasma activity is shown in Fig. 1C.
Pharmacokinetics. MeanplasmaLY2456302concentration-

time profiles after single oral doses are shown in Fig. 2. Table 2

provides summary statistics of LY2456302 PK parameters at
each dose. LY2456302 plasma concentrations were not collected
beyond 24 hours postdose; therefore, PKparameters based on the
terminal elimination phasewere not calculated. PeakLY2456302
plasma concentrations were typically observed approximately
2.5 hours postdose. There was no clear nonlinearity in dose-
dependency apparent in Cmax or AUC (from time zero to the last
time point: 0–tlast). Dose-normalized Cmax and AUC (0—tlast) had
intersubject variability of 62% and 48%, respectively.
Receptor Occupancy. Figure 3 shows SUV images in the

baseline scan and two postdose scans after oral dose of 2 mg of
LY2456302. SUV was globally reduced at 2.5 hours postdose
and partially recovered at 24 hours postdose. Figure 4 shows
regional TACs in the baseline scan and2.5 hours post-dose scans
with various doses. Regional VT values and their coefficients
of variation using multilinear analysis-1 are listed in Table 3.
The VT values decreased in a dose-dependent manner. In the
postdose scansVT valueswere reduced in all regions, indicating,
as shown previously, that there are no reference regions devoid
of KOR.Representative occupancy plots are shown inFig. 5, and
RO and VND values are summarized in Table 4.
Single oral doses of LY2456302 (0.5–25 mg) blocked KOR in

the brain in a dose-dependent manner. At 2.5 hours postdose
(peak plasma concentration), RO from occupancy plots ranged
from 35 6 4% (n 5 2) for the 0.5-mg dose level to 94 6 0.5%
(n 5 3) for the 10-mg dose level. Doses of 10 mg and 25 mg
LY2456302 nearly saturated theKOR (ROof 9360.7%,n5 4) at
peak plasma concentration with VND of 1.45 6 0.25 ml/cm3

(n 5 4). Target engagement was observed for at least 24 hours
after dosing. RO at 24 hours postdose ranged from 19 6 3% at
0.5 mg (n5 2) to 82% (n 5 1) at 25 mg of LY2456302.
PK-RO Analysis. Table 5 lists the population parameter

estimates from the PK model. The PK parameters were

Fig. 3. Images from a typical subject before and after oral dose of 2 mg of
LY2456302. MR images (A) and coregistered PET images summed from 30
to 90 minutes after injection of 11C-LY2795050 in the baseline scan (B),
and 2.5 hours (C) and 24 hours (D) postdose scans. Activity is expressed as
SUV.

Fig. 4. Regional time-activity curves in two regions in the
baseline scans (closed symbols) and 2.5 hours postdose
scans (open symbols), with LY2456302 doses of 0.5 mg (A),
2 mg (B), 4 mg (C), and 10 mg (D).
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estimated with good precision, with relative standard errors
(rSE) of,30%. The relationship between KOR occupancy and
LY2456302 plasma concentration is shown in Fig. 6, and the
data were consistent with occupancy at a single site.
Table 6 lists the PK-RO model parameters. The 95%

confidence interval for the PK-ROmodel parameters resulting
from the sensitivity analysis are also provided in Table 6.
These were fairly narrow, suggesting that the model param-
eters were well estimated. The estimate of IC50 using the
NLLS model with two parameters was similar to the NLME
estimate (∼0.6 ng/ml). The one-parameter version of theNLLS
model produced a slightly higher estimate (0.83 ng/ml). Using
the F test, the two-parameter NLLS model was not statisti-
cally better than the one-parameter model (P 5 0.17). For the
NLME model, the interindividual variability in IC50 was

estimated at 29%, albeit with a large rSE of 150%. The rmax

estimate was 93% for both NLME and two-parameter NLLS
models, which indicates near complete saturation of KOR in
the brain at high concentrations of LY2456302.
In Fig. 6, there was a suggestion of hysteresis; that is, there

was some difference between the PK-RO relationship at tmax

and at 24 hours. To evaluate this effect, the one-parameter
NLLS model was applied separately to the tmax data and the
24-hour data, and theF test was used to evaluate the potential
improvement in fit. The IC50 estimates were 1.056 0.14 ng/ml
at tmax, and 0.70 6 0.12 ng/ml at 24 hours compared with
0.83 6 0.10 ng/ml using all the data; however, the improve-
ment in fit was not significant (P 5 0.09).
Safety and Tolerability. No serious AEs occurred during

the study, and there were no clinically significant alterations
in laboratory values or electrocardiograms. No subject dis-
continued the study because of an AE. Of the reported AEs, all
were mild or moderate and none were considered by the
investigator to be related to the study drug.

Discussion
Using the KOR antagonist tracer 11C-LY2795050 and PET,

this study investigated the receptor occupancy of LY2456302
after single oral administration at various dose levels and the

TABLE 3
Volume of distribution (VT) values from multilinear analysis-1

Region

VT (ml/cm3)

aBaseline (%COV)

bBlocking with LY2456302 (%COV)

2.5 h Postdose 24 h Postdose

0.5 mg 2 mg 4 mg 10 mg 25 mg 0.5 mg 2 mg 4 mg 10 mg 25 mg

Amygdala 3.46 (10%) 2.73 (16%) 1.89 (14%) 1.79 (7%) 1.43 (22%) 1.51 3.02 (7%) 2.42 (23%) 2.52 (4%) 1.97 (7%) 1.63
Insula 2.99 (9%) 2.35 (17%) 1.79 (15%) 1.69 (9%) 1.51 (19%) 1.53 2.81 (18%) 2.36 (18%) 2.22 (0%) 1.88 (6%) 1.61
Ant. cingulate

cortex
3.00 (8%) 2.37 (14%) 1.73 (17%) 1.72 (10%) 1.51 (18%) 1.56 2.73 (12%) 2.30 (20%) 2.20 (1%) 1.89 (7%) 1.65

Globus pallidus 2.70 (13%) 2.27 (15%) 1.89 (17%) 1.88 (8%) 1.62 (21%) 1.79 2.56 (13%) 2.29 (22%) 2.16 (0%) 1.94 (3%) 1.78
Putamen 2.65 (9%) 2.13 (16%) 1.82 (13%) 1.81 (8%) 1.67 (19%) 1.67 2.47 (16%) 2.21 (15%) 2.10 (1%) 1.91 (3%) 1.73
Temporal cortex 2.42 (7%) 1.98 (15%) 1.64 (13%) 1.65 (10%) 1.53 (18%) 1.52 2.33 (15%) 2.02 (14%) 1.98 (1%) 1.74 (5%) 1.52
Frontal cortex 2.39 (8%) 2.01 (16%) 1.57 (13%) 1.61 (11%) 1.48 (17%) 1.52 2.32 (16%) 1.94 (17%) 1.94 (4%) 1.70 (6%) 1.49
Occipital cortex 2.30 (8%) 1.90 (12%) 1.67 (16%) 1.76 (9%) 1.61 (13%) 1.67 2.18 (9%) 1.99 (13%) 1.99 (3%) 1.80 (4%) 1.67
Hippocampus 2.07 (9%) 1.81 (22%) 1.47 (13%) 1.49 (6%) 1.39 (21%) 1.47 2.05 (30%) 1.63 (18%) 1.69 (0%) 1.61 (7%) 1.50
Caudate 1.90 (11%) 1.43 (9%) 1.33 (12%) 1.39 (11%) 1.29 (28%) 1.36 1.73 (11%) 1.57 (15%) 1.55 (1%) 1.49 (16%) 1.40
Post. cingulate

cortex
1.87 (11%) 1.59 (0%) 1.42 (14%) 1.41 (7%) 1.34 (26%) 1.43 1.84 (1%) 1.59 (27%) 1.65 (8%) 1.50 (8%) 1.32

Thalamus 1.88 (7%) 1.75 (12%) 1.68 (9%) 1.70 (8%) 1.60 (22%) 1.75 1.87 (17%) 1.71 (14%) 1.76 (3%) 1.75 (2%) 1.72
Cerebellum 1.86 (18%) 1.53 (18%) 1.44 (15%) 1.57 (14%) 1.43 (14%) 1.52 1.69 (23%) 1.60 (14%) 1.75 (22%) 1.60 (5%) 1.49

aBaseline scans with 11C-LY2795050 (n = 12).
b11C-LY2795050 PET scans after oral administration of LY2456302 (0.5 mg, n = 2; 2 mg, n = 4; 4 mg, n = 2; 10 mg, n = 3; 25 mg, n = 1).

Fig. 5. Representative occupancy plots from the 2.5-hour and 24-hour
postdose scans after oral dose of 4 mg LY2456302. Fitted occupancy values
were 83% and 49%, respectively.

TABLE 4
Receptor occupancy and nondisplaceable distribution volume (VND)
estimates

LY2456302 Dose
2.5 h Postdose 24 h Postdose

Occupancy VND Occupancy VND

% ml/cm3 % ml/cm3

0.5 mg (n = 2) 35 6 4 1.23 6 0.06 19 6 3 1.92 6 0.21
2 mg (n = 4) 71 6 10 1.32 6 0.19 43 6 14 1.41 6 0.25
4 mg (n = 2) 79 6 6 1.43 6 0.10 48 6 1 1.37 6 0.03
10 mg (n = 3) 94 6 0.5 1.43 6 0.10 72 6 4 1.51 6 0.10
25 mg (n = 1) 93 1.50 82 1.40

Data are mean 6 S.D. Individual parameters are reported where n = 1.
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PK-RO relationship. Brain KORs were almost saturated at
2.5 hours postdose with doses of 10mg or more. Sustained and
substantial target engagement was observed for at least
24 hours.
The relationship between LY2456302 plasma concentration

and KOR occupancy was analyzed with a direct PK-ROmodel.
Depending on themodel, the estimate of IC50was 0.6∼0.8 ng/ml
with saturation of the receptor evident at high doses. Primarily,
LY2456302 RO appeared to decline in parallel with the plasma
concentration; however, comparison of RO values at tmax and
24 hours showed a small shift in the PK-RO curve (Fig. 6),
suggesting the presence of a moderate time lag in equilibration
with the central nervous system compartment. If so, the KOR
occupancy at tmax would be less than that at later times, so that
the tmax RO values tend to be below the overall curve of best fit,
whereas the 24 hour points tend to be above the curve of best fit.
This effect is somewhat visible on the steeper portion of the PK-
RO curve. An initial analysis found a trend (P 5 0.09) toward
different IC50 values at tmax and 24 hours. For further
evaluation, indirect effect models (Abanades et al., 2011;
Salinas et al., 2013) could be applied; thesemodels characterize

hysteresis in the PK-RO curve by modeling the blood-brain
exchange and binding kinetics of the drug.
Given that VT values decreased in all regions by LY2456302,

KOR is expressed ubiquitously in the brain. Hence, it is not
possible to determine a reference regiondevoid ofKOR.Thus, the
occupancy plot was used to estimate RO and VND in the absence
of a reference region. The estimated VND value at high doses (10
and 25 mg, RO 5 93 6 0.7%) of LY2456302 was 1.45 ml/cm3

(range: 1.10–1.69ml/cm3). This value was consistent with theVT

estimates from a previous study when 150 mg of naltrexone
was used to fully blockKOR in the human brain (RO5 936 6%,
VND5 1.61 ml/cm3, range: 1.13–2.06 ml/cm3) (Naganawa et al.,
2014).
Here we evaluated the KOR binding of LY2456302 with the

antagonist radiotracer 11C-LY2795050. This tracer was shown
to be selective for KOR in vivo (Kim et al., 2013), with a small
amount of binding attributable to MOR. It was previously
shown that LY2456302 had a 30-fold selectivity over MOR and
DOR (Rorick-Kehn et al., 2014). To further assess any MOR
activity, LY2456302 (4–60 mg) was orally administered to
healthy humans to assess the effect on fentanyl-induced miosis
in a previous pupillometry study (Rorick-Kehn et al., 2015).
Doses of 25–60mg yieldedminimal tomoderateMORblockade,
with no effect seen at 4 and 10 mg. These data are consis-
tent with the hypothesis that LY2456302 remains function-
ally selective for KOR at lower doses (4–10 mg) but produces
modest MOR antagonism at higher doses. In the present study,
the maximum dose of 25 mg was selected to minimize MOR
effects.
In conclusion, LY2456302, when administered as single,

oral doses of 0.5 mg up to 25 mg, penetrated the blood-brain
barrier and blocked KOR in the brain in a dose-related
manner. Almost complete saturation of KORs was observed
at doses of 10 mg or more at 2.5 hours postdose. Substantial
and sustained target engagement was observed for at least
24 hours postdose. A sigmoidal rmax PK-RO model, which
assumes a direct relationship between RO and the plasma
concentration of LY2456302, was a suitable model. According
to this model, the rmax of LY2456302 was 93% (i.e., complete
saturation of the target) and the plasma IC50 was estimated at
∼0.6 ng/ml. Given that a single oral dose of 10 mg LY2456302
almost completely saturated KOR at 2.5 hours postdose, and
that the lower bound of the observed KOR occupancy at
24 hours postdose exceeded 60%, a dose of 10 mg of LY2456302
appears very well suited for further clinical testing.

TABLE 5
Population PK parameter estimates

PK Parameter Population Estimate Intersubject Variability

% rSE % rSE

Ka (h21) 9.48 (9.35) 29.5% (34.3)
CL/F (liters/h) 55.2 (12.9) 46.4% (21.7)
Vc/F (liters) 561 (16.5) 60.3% (33.9)
Q/F (liters/h) 59.3 (17.4) 42.8% (40.0)
Vp/F (liters) 705 (27.4) —
Residual error
Additive (ng/ml) 0.09 (31.8)
Proportional 12.8% (21.6)

CL/F, apparent total body clearance of drug calculated after extravascular
administration; Ka, transit absorption rate constant; Q/F, apparent intercompart-
mental clearance; rSE, relative standard error; Vc/F, apparent volume of distribution
of the central component; Vp/F, apparent volume of distribution of the peripheral
compartment.

Fig. 6. Relationship between predicted LY2456302 plasma concentration
and KOR occupancy. Three fits are shown: two-parameter (rmax and IC50)
NLME model (dotted curve), two-parameter NLLS model (solid curve),
and one-parameter (IC50, rmax = 100%) NLLSmodel (break curve). Plasma
concentrations at the time of each postdose scan were calculated from a PK
model applied to the observed PK data. Occupancies at 2.5 hours and
24 hours postdose are shown in circles and crosses, respectively.

TABLE 6
PK-RO Parameter Estimates

Parameter Mean Estimates
(%rSE)

Intersubject
Variability
(%rSE)

95% Confidence Interval

Lower Upper

NLLS model
(1-parameter)

IC50 (ng/ml) 0.83 (12) 0.63 1.03
NLLS model

(2-parameter)
rmax (%) 92.9 (4.9) 83.4 102
IC50 (ng/ml) 0.65 (20) 0.37 0.92

Nonlinear
mixed effect
(NLME)

rmax (%) 92.8 (4.7) 85.5 101
IC50 (ng/ml) 0.58 (25) 29.4% (150) 0.38 0.85

rmax, maximum receptor occupancy; %rSE, relative standard error.
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