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ABSTRACT
Purpose This work describes a staged approach to the appli-
cation of pharmacokinetic-pharmacodynamic (PK-PD) mod-
eling in the voltage-gated sodium ion channel (NaV1.7) inhib-
itor drug discovery effort to address strategic questions regard-
ing in vitro to in vivo translation of target modulation.
Methods PK-PD analysis was applied to data from a func-
tional magnetic resonance imaging (fMRI) technique to non-
invasively measure treatment mediated inhibition of olfaction
signaling in non-human primates (NHPs). Initial exposure-
response was evaluated using single time point data pooled
across 27 compounds to inform on in vitro to in vivo correlation
(IVIVC). More robust effect compartment PK-PD modeling
was conducted for a subset of 10 compounds with additional
PD and PK data to characterize hysteresis.
Results The pooled compound exposure-response facilitated
an early exploration of IVIVC with a limited dataset for each

individual compound, and it suggested a 2.4-fold in vitro to
in vivo scaling factor for the NaV1.7 target. Accounting for
hysteresis with an effect compartment PK-PD model as com-
pounds advanced towards preclinical development provided a
more robust determination of in vivo potency values, which
resulted in a statistically significant positive IVIVC with a
slope of 1.057 ± 0.210, R-squared of 0.7831, and p value of
0.006. Subsequent simulations with the PK-PD model in-
formed the design of anti-nociception efficacy studies in
NHPs.
Conclusions A staged approach to PK-PDmodeling and sim-
ulation enabled integration of in vitroNaV1.7 potency, plasma
protein binding, and pharmacokinetics to describe the
exposure-response profile and inform future study design as
the NaV1.7 inhibitor effort progressed through drug
discovery.
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ABBREVIATIONS
fMRI Functional magnetic resonance imaging
IM Intramuscular
IV Intravenous
IVIVC In vitro to in vivo correlation
KO Knock-out
PK-PD Pharmacokinetics-pharmacodynamics
NaV1.7 Voltage-gated sodium ion channel isoform 1.7
NHP Non-human primate
OB Olfactory bulb
ORN Olfactory receptor neuron
PD Pharmacodynamic
PK Pharmacokinetic
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SC Subcutaneous
UPLC Ultra-high performance liquid chromatography

INTRODUCTION

There is consensus among the pharmaceutical industry that
improved understanding of exposure–response relationships
at an early stage in the drug hunting process will be important
to inform lead optimization strategies and reduce attrition
rates in the clinic (1,2). A retrospective analysis of Phase II trial
data highlighted the importance of pharmacokinetic (PK) and
pharmacodynamic (PD) principles underlying the “three pil-
lars of survival” (3). At a high level, the three pillars of survival
include being able to objectively measure and relate drug
exposure, target engagement, and modulation of the desired
pharmacology at the site of action. Ability to demonstrate all
three pillars through the use of non-clinical and clinical infor-
mation in conjunction with translational modeling approaches
on a development candidate increased the probability of
achieving a successful Phase II clinical outcome. One can
speculate that having information and knowledge of the ‘3-
pillars’ concepts on a development candidate can lead to bet-
ter clinical hypothesis generation and early clinical develop-
ment plans. Such knowledge enables the use of translatable
biomarkers to facilitate clear quantitative go/no-go decisions
and inform on key clinical study design questions such as dose
se lect ion and sampl ing t imes . Pharmacokinet ic -
pharmacodynamic (PK-PD) modeling and simulation is an
important tool that can help quantitatively interrelate drug
concentrations and their pharmacological effect. PK-PD
models are particularly useful in characterizing exposure–
response relationships where there are apparent disconnects
because of temporal delays in drug action relative to drug
exposure, a phenomenon referred to as hysteresis. For in-
stance, a delay in onset and washout of action relative to drug
exposure in the plasma could be due to slow distribution of the
drug to and from its target site or an indirect relationship
between exposure and response caused by biomarker synthe-
sis and turnover rates or a function of the target binding ki-
netics (4).

Although in vitro pharmacological data in biochemical or
cell systems are useful in drug discovery to rank the intrinsic
potency of new compounds, it often has limited value in di-
rectly informing on the target exposure required for in vivo
pharmacodynamics and efficacy. Underlying reasons for this
apparent discrepancy between in vitro potency and in vivo phar-
macology and efficacy can be multifactorial. Some common
contributors are limited distribution from the blood to the
target site and unaccounted for non-specific and plasma pro-
tein binding, both in vitro and in vivo. Thus, in vitro potency
values need to be combined with appropriate knowledge of
pharmacokinetics and drug distribution/binding to establish

useful cross system translation such as in vitro to in vivo correla-
tions (IVIVC) of pharmacological potency. PK-PD modeling
enables the integration of all available information, from both
in vitro and in vivo sources, to describe the exposure-response
profile for a given drug. Such a mathematical model may also
enable prospective translational simulations of the drug across
biological systems, such as different assay platforms or differ-
ent species.

Here we discuss the application of translational quantita-
tive pharmacokinetic-pharmacodynamic modeling in the
voltage-gated sodium ion channel NaV1.7 inhibitor drug dis-
covery effort to address three key strategic questions.

1. How does in vitro potency translate to in vivo exposure for
pharmacologic activity?

2. Is hysteresis observed in vivo, and if so, can it be accounted
for with an appropriate PK-PD model?

3. What is the anticipated dose and regimen to achieve in vivo
efficacy?

This work describes the in vitro to in vivo translation of
NaV1.7 inhibition effect on olfaction in non-human primates
(NHPs) and demonstrates the utility of simulation with the
PK-PD model to inform study design for anti-nociceptive re-
sponse assays.

There is genetic evidence supporting a role for the voltage-
gated sodium ion channel NaV1.7 in sensitivity to pain (5–7).
Loss-of-function mutations in the NaV1.7 gene (SCN9A) in
human produces insensitivity to pain, while gain-of-function
mutations have been associated with inherited pain syn-
dromes (6,8). Furthermore, a number of drugs with sodium
channel blocking activity, such as carbamazepine, lamotri-
gine, and several tricyclic antidepressants are already used in
pain management (9–11). However, these drugs are not selec-
tive for the NaV1.7 isoform, and effectiveness is often limited
by adverse central nervous system and cardiovascular side
effects (9) which are attributed to the non-selective nature of
these drugs. Selective inhibition of sodium channels specifical-
ly involved in pain pathways might have the potential to im-
prove efficacy and safety (12). Therefore, NaV1.7 has become
a promising target for pharmaceutical intervention for various
human pain conditions (13).

The ability to recapitulate the human NaV1.7 loss-of-
function phenotype with pharmacological inhibition of
NaV1.7 channels has been demonstrated in a number of rhe-
sus macaque models (manuscript in preparation). One model
in particular leverages the phenomenon of anosmia (i.e. loss of
the sense of smell) reported in NaV1.7 loss-of-function sub-
jects. Humans with loss-of-function mutations in NaV1.7 are
anosmic (14) suggesting that odor-detection may be a useful
target modulation biomarker for NaV1.7 inhibitors. A func-
tional magnetic resonance imaging (fMRI) technique which
can non-invasively measure odor-induced olfaction signaling
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in the olfactory bulb (OB) was developed in NHPs (15). This
technique was employed during drug discovery to measure
treatment-mediated inhibition of odor-induced activation in
the OB of rhesus macaques as a target modulation biomarker
of in vivo NaV1.7 inhibition. PK-PD analysis of the data from
fMRI olfaction studies was conducted in stages to characterize
the in vivo potency for molecules with a range of in vitroNaV1.7
blocking potencies. Initial exploratory exposure-response
analysis included 27 compounds for which fMRI olfaction
data was obtained in an assay format with limited duration
and dose levels, but it enables acquisition of data for multiple
different compounds. A more robust PK-PD modeling ap-
proach was applied for a subset of 10 compounds which had
amore extensive fMRI dataset consisting of longer duration of
PDmeasurement and multiple dose levels along with PK data
from satellite studies. Figure 1 outlines the data available and
number of compounds at each stage of analysis as the project
progressed through drug discovery. Modeling and simulation
enabled quantitative translation of in vitro NaV1.7 potency
and other salient information such as PK, to in vivo pharma-
cological response and subsequently informed the design of
efficacy studies to demonstrate anti-nociceptive response to a
noxious thermal stimulus in NHPs.

MATERIALS AND METHODS

In Vitro Measurement of Rhesus NaV1.7 Inhibition

HEK293 cells recombinantly overexpressing rhesus NaV1.7
channels were used for patch clamp experiments. Test com-
pounds were prepared as 10 mM stock solutions in DMSO.
Ten concentrations of each compound were used to generate
10-point calibration curves and were prepared using the Echo
acoustic liquid handling instrument and glass coated 384-well
plates. The final DMSO concentration in each well was 0.3%.
384-well whole-cell NaV current recordings per Qchip were
performed on the QUBE (16). Before addition of test com-
pound, cells in each well on the Qchip were monitored for
stability for at least 5 min. For each concentration, test com-
pound was applied 3 times to each well on the Qchip to
achieve equilibrium. Washout was performed to measure re-
covery of the sodium current. The following external and
internal solutions were used: External solution: 150 mM
NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, 12 mM Dextrose, pH 7.3 with NaOH; Internal so-
lution: 30mMCsCl, 5 mMHEPES, 10mMEGTA, 120mM
CsF, 5 mM NaF, 2 mM MgCl2, pH= 7.3 with CsOH.

The following pulse protocol was used. Cells were held at
−90 mV. A train of 6 consecutive test pulses to −10 mV was
applied at a frequency of 0.1 Hz in the absence and presence
of test compound. Each test pulse was preceded by an 8 s
prepulse to −115 mV. Cells in each Qchip well were exposed

to a single test compound concentration for 5 min at −90 mV
before inhibition was measured.

Percent inhibition of sodium channel current (INaV) at each
compound concentration was determined using Eq. 1.

%Inhibition of I NaV ¼ 100*
INaV control−INaV drug

I NaV control

� �
ð1Þ

IC50 values were calculated using a 4-parameter logistic
function (Eq. 2) where IC50= half maximal inhibitory concen-
tration; Imin =minimal current (fixed to 0); Imax =maximal
current (fixed to 100); h=Hill coefficient; x= compound con-
centration.

f xð Þ ¼ Imin þ Imax−I min

1þ IC50
x

� �h
 !

ð2Þ

Results are expressed as geometric mean ± standard
deviation.

In Vitro Measurement of Plasma Protein Binding

The unbound fraction of compound in plasma from rhesus
macaques was measured by equilibrium dialysis of 2.5 μM
compound in 100% plasma against 100 mMPBS buffer using
HT Dialysis plates (Model HTD96b) with 12–14 MWCO
dialysis membranes. The plate was equilibrated for 4 h at
37°C in a humidified incubator with a 5%CO2 environment.
The study samples were prepared for a protein precipitation
extraction method by addition of acetonitrile containing a
cocktail of internal standards (labetalol, imipramine, and
diclofenac). The peak area ratio of test compound to internal
standard in plasma and buffer were determined by ultra-high
performance liquid chromatography (UPLC) coupled with a
SCIEX API triple quadruple mass spectrometer.
Chromatographic separation was performed using reverse
phase LC gradient methods. The fraction unbound in plasma
is the ratio of test compound/internal standard peak area ratio
in buffer to that of test compound/internal standard peak area
ratio in plasma.

Animals

Rhesus macaques were the species of choice over rodents for
the olfaction assay due to greater similarity to human, both
anatomically and functionally, in the OB and olfactory tract
(17–20). Rhesus macaques were also used for anti-nociceptive
response assays because many compounds being investigated
did not have sufficient potency against the rodent isoform of
NaV1.7. Male and female rhesus macaques weighing 4–12 kg
were used in the experiments. Individual animals were single-
or pair-housed and maintained on a 12 h light cycle (06:30–
18:30 h) with room temperatures maintained at 22 ± 2°C.
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Animals were fed their full daily regimen of food (Purina High
Protein Monkey Diet no. 5045) prior to testing and water was
available ad libitum. All monkeys were given a variety of fresh
fruits and vegetables daily in addition to the standard food
regimen. Principles from the Guide for the Care and Use of
Laboratory Animals, National Institute of Health, and USDA
were followed, and all protocols were approved by the
Institutional Animal Care and Use Committee of Merck &
Co., Inc., Kenilworth, NJ, USA.

Functional Imaging of Olfaction by Cerebral Blood
Volume fMRI in Rhesus Macaque

For the fMRI study, the detailed methods including animal
preparation, experiment set-up, anesthesia protocol, odor
stimulation, MRI measurement, and data analysis have been
described previously (15). Briefly, each animal was initially
sedated using a cocktail of ketamine (3 mg/kg, IM) and dex-
medetomidine (40 μg/kg, IM) for catheterization and exper-
imental set-up. The animal was then secured in the supine
position in the MRI scanner, and the anesthesia changed to
a continuous delivery of isoflurane (0.25%) and dexmedeto-
midine (IV infusion of 15 μg/kg/h). The USPIO contrast
agent (Feraheme) was administered (10 mg/kg, IV) before
the start of fMRI data acquisition to improve the fMRI sensi-
tivity. For odor stimulation, isoamyl acetate (~2870 ppm) was
introduced to the animal’s nostrils by automated opening of
two valves at the inlet and outlet of a bubbling bottle contain-
ing the odor solution. The test compound solution was pre-
pared immediately before the study. For different dose studies,
test compound was dissolved in 30% captisol at various con-
centrations to make the total dose volume for each animal
relatively constant (~8 mL/monkey). The solution was soni-
cated and filtered to ensure sterility. The fMRI measurements
were performed on a 3-T, Siemens Trio system. A 16-channel
head coil was used as the radiofrequency receiver. Scout

images in three orthogonal directions were first acquired using
fast low angle shot sequence. Based on the sagittal image,
twenty-four consecutive axial slices were chosen for the
fMRI study. T2*-weighted images were acquired using a
single-shot gradient echo echo-planar imaging sequence: ma-
trix size = 64 × 64, field of view = 12 × 12 cm2, slice thick-
ness = 1.8 mm, repetition time = 3 s, and gradient echo
time = 28 ms. The corresponding spatial resolution was
1.9 × 1.9 × 1.8 mm3, and the acquisition time for imaging
the entire volume was 3 s. The stimulation paradigm: 1 min
(baseline) + 1 min (odor stimulation) + 2 min (recovery). One
single fMRI measurement required 4 min, with a total of 20
(baseline) + 20 (stimulation) + 40 (recovery) volume acquisi-
tions. Fifteen fMRI measurements were made for each NHP
per 1 h period. The compound or vehicle delivery was started
after 1 h of data acquisition and was continuously infused for
the following hour. In some experiments, data acquisition
continued for up to 2 h after the end of compound infusion.
Plasma samples were collected from each animal at the end of
infusion and end of experiment to measure concentration of
test compound.

Data was processed using Stimulate (21) and custom
MATLAB routines (Mathworks, Natick, MA). The time
courses of the fMRI signals in the OB were first obtained by
averaging the time courses of all the activated pixels within the
OB for each fMRI measurement, and the time courses from 3
consecutive fMRI measurements were further averaged.
Therefore, fifteen fMRI measurements performed during
each 1-h block of experiment yielded equivalent 5 fMRI
responses. Each experimental session could be from 2 to 4 h
in duration, resulting in 10 to 20 fMRI responses. The
strength of each fMRI response was quantified by averaging
the amplitudes of fMRI signals during the stimulation period.
The inhibition of olfaction was expressed as percentage inhi-
bition of the averaged fMRI responses during the 1-h period
before compound delivery using Eq. 3.

Fig. 1 Schematic representation of the staged approach to exposure-response analysis in drug discovery. The Early Discovery phase primarily consists of many
compounds with limited data available for each compound. Substantially fewer compounds progress into Late Discovery, accompanied by an increase in the
amount of data available for each compound to evaluate the impact of dose and time dependency in PK-PD analysis.
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%Inhibition ¼ 100*
f MRI responsebaseline− f MRI responsedrug

f MRI responsebaseline

� �
ð3Þ

A total of 27 compounds plus a vehicle control were eval-
uated in the initial fMRI olfaction assays. Typical fMRI study
design for each compound consisted of 1 to 3 dose groups with
an average of 3 animals per group and 2 h of fMRI measure-
ments, although a subset of 15 compounds hadmore extensive
datasets from follow up fMRI olfaction assays with up to 7
dose groups, a range of 1 to 6 animals per group, and up to 4 h
of PD measurments (Online Resource 1). Individual percent
inhibition datapoints were aggregated in two different ways to
enable visual representation of the average temporal PD pro-
file and the exposure-response relationship. The arithmetic
mean of percent inhibition from all animals within each treat-
ment group was calculated at each time point for Fig. 2a. The
arithmetic mean of percent inhibition from all time points
during the 1 h of drug infusion was calculated for each indi-
vidual animal in Fig. 2b.

Rhesus Thermode Assay

Thermode testing was performed in NHPs as outlined in
Vardigan et al. 2018 (22). Briefly, animals were chaired with
their arms restrained against the front horizontal panel using
umbilical tape. Veterinary wrap was applied to each wrist to
prevent abrasive contact with tape, which was then tied
around the wrists and affixed to a lower-front portion of the
chair with sufficient slack to avoid distress and allow for visible
withdrawal motions. Each animal’s hair on the underside of its
forearms was shaved and the thermode stimulator was at-
tached to shaved area of the left or right forearm by veterinary
wrap. Test compound was dissolved in 0.9% NaCl/3%
PEG3350/0.3% TWEEN80 and administered subcutane-
ously (SC) on the back at 0.2 mL/kg. Only 5 of these test
compounds were ultimately included in the thermode assay,
and each study consisted of 4 to 5 dose groups, including a
vehicle control, with typically 6 to 8 animals per group
(Online Resource 1). Thermal stimulation was delivered via
Medoc Thermode software and triggered with an external
handheld trigger. Four heat stimuli (44, 46, 48, or 50°C) were
presented pseudo-randomly in six blocks. These temperatures
were selected based on reported human pain thresholds with
the same thermode device (23–26). Each stimulus was pre-
sented for 5 s, and stimuli were presented under a variable
interval 22.5 s (range = 15–30 s). Each response was assessed
using a three-point scale, where 0 = no response, 1 = response
consisting of a single clear arm movement, 2 =multiple arm
or body movements. Occasionally a score of 0.5 was used to
indicate a very small or questionable response. Only animals
exhibiting a minimum mean score of 1 at 48°C and 1.5 at
50°C under baseline conditions were selected for study.

Plasma samples were collected from each animal immediately
following thermode testing to measure concentration of test
compound. The thermode response score was converted into
percent of baseline by dividing the individual response score in
the presence of drug at each dose level by the average baseline
response score from vehicle treated animals. The arithmetic
mean and standard error were then calculated for each dose
group.

In vivo PK Studies and Bioanalytical Methods

Pharmacokinetic studies of 13 test compounds were con-
ducted in fasted male rhesus macaque via intravenous (IV)
administration. Test compounds were administered at various
doses ranging from 0.05 to 15 mg/kg with most compounds
having just one dose level and two or three animals per dose
group (Online Resource 1). Plasma samples were collected at

Fig. 2 Inhibitory effects of representative Compound 24 on odor-induced
olfaction in NHP. (a) Time course of average inhibition of fMRI signal for each
dose group. Baseline was established for 1 h followed by a constant infusion
for 1 h with Compound 24. (b) Average inhibition of fMRI signal over the 1 h
infusion interval versus the plasma concentration at the end of the infusion in
each animal. Error bars represent the standard error of the mean.

Pharm Res (2020) 37: 181 Page 5 of 15 181



multiple time points (typically nine samples) from 2 min up to
24 h post dosing and stored at −20°C until analysis.
Compound 6 is the only compound which had satellite PK
samples collected under the same conditions, dose levels, and
time points as the fMRI study. The study samples and stan-
dard curve in control matrix were prepared for a protein
precipitation extraction method by addition of 0.1% formic
acid in acetonitrile containing a cocktail of internal standards
(labetalol, imipramine, and diclofenac). Concentrations of test
compound in plasma were quantified using UPLC system
coupled with a SCIEX API triple quadruple mass spectrom-
eter. Chromatographic separation was performed using re-
verse phase liquid chromatography gradient methods. The
concentrations of test compound in the samples were deter-
mined using MultiQuant 3.0.1 based on standard curves pre-
pared in corresponding control matrices.

Modeling & Simulation

The Emax model is a common PK-PD model used to describe
pharmacological responses, where E is the pharmacological
effect, C is the drug concentration, Emax is the maximum
achievable effect, E0 is the effect at baseline, and EC50 is the
concentration producing half of the maximum effect (Eq. 4).

E ¼ E0 þ Emax*C
EC50 þ C

ð4Þ

This approach assumes a direct relationship with no ob-
servable hysteresis between plasma concentration and inhibi-
tion of olfaction. Preliminary exposure-response analysis of
the fMRI data involved an Emax model fit using data pooled
across different NaV1.7 inhibitors and studies. The modeling
was conducted using a naïve-pooled algorithm with additive
residual error in Phoenix 64 software (Build 7.0.0.2535,
Certara, Princeton, NJ). Plasma concentrations (Cp) measured
at the end of the infusion and at the end of the study for each
compound were multiplied by the measured fraction un-
bound in rhesus plasma (fu,p) and then divided by the mea-
sured in vitro rhesus NaV1.7 IC50 value. Therefore, the expo-
sure term C in Eq. 4 becomes a derived dimensionless value
for unbound plasma concentration normalized to in vitro po-
tency as in Eq. 5.

E ¼ E0 þ
Emax*

Cp* f u;p
invitro IC50

� �

EC50þ Cp* f u;p
invitro IC50

� � ð5Þ

While the pooled cross-compound approach was useful for
obtaining initial estimates of the in vitro to in vivo relationship, it
did not account for compound specific parameters which lead
to observed hysteresis. An empirical model that is often ap-
plied to temporal delays believed to be related to distribution

to the target site is the effect compartment model, which is also
referred to as an indirect link or biophase distribution model
(27,28). The model contains a hypothetical compartment for
concentrations at the site of effect (Ce) with a first-order distri-
bution rate constant ke0 (Eq. 6). The PD model structure is a
modification of the Emax model in Eq. 1 to incorporate con-
centrations in the effect compartment (Ce) as the exposure
term which drives the response (Eq. 7). The PD model fitting
was conducted for individual animals using a naïve-pooled
algorithm with additive residual error in Phoenix 64 software
(Build 7.0.0.2535, Certara, Princeton, NJ).

dCe
dt

¼ ke0*Cp−ke0*Ce ð6Þ

E ¼ E0 þ Emax*Ce
EC50þ Ce

ð7Þ

Characterization of the plasma concentration over time is
required for application of an effect compartment model.
However, frequent sampling for PK during the olfaction study
was not feasible since the animal was isolated inside the fMRI
machine. Therefore, satellite PK studies in rhesus macaques
were used to enrich the pharmacokinetic information needed
for the PK-PD modeling. Satellite PK data and fMRI meas-
urements in the washout period was not available for all 27
compounds in the fMRI dataset, so PK modeling to support
effect compartment modeling was only applied to a sub-set of
13 compounds. A two-compartment PKmodel structure with
IV administration (Eq. 8) was fit to the plasma concentration-
time data from satellite studies using an IV bolus or IV infu-
sion dosing paradigm. A population model with random
effects on all parameters and a log-additive residual error
was fit using a First Order Conditional Estimation
Lindstrom-Bates algorithm. Parameter value estimates of
clearance (CL), distribution clearance (CL2), volume of the
central compartment (V), and volume of the peripheral com-
partment (V2) were obtained for each test compound. Visual
predictive checks and CV%on parameter estimates were used
to evaluate the model fits.

V *
dC
dt

¼ −CL*Cp−CL2*Cpþ CL2*C2

V 2*
dC2
dt

¼ CL2*Cp−CL2*C2
ð8Þ

Population estimates of CL, V, V2, and CL2 from the satel-
lite PK studies were subsequently used to simulate the
concentration-time profile that would be achieved with the
IV bolus followed by IV infusion regimen at each dose level
tested in the fMRI studies. The measured plasma concentra-
tions at the end of the infusion and at the end of the experi-
ment from the fMRI studies were used to qualify the PK
model obtained from fitting the IV bolus data. Compounds
were excluded from further analysis if the simulated plasma
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concentrations were not within 2-fold of the mean observed
plasma concentrations. While the source of each missed PK
prediction was not interrogated, some potential causes include
dose non-linearity, effects of anesthesia, or gender differences
between satellite PK and fMRI studies. This PK prediction
performance criteria further reduced the number of com-
pounds to a subset of 10 in the effect compartment PK-PD
modeling.

The resulting PK and PD parameter estimates were then
used to predict the dose anticipated to demonstrate inhibition
of withdrawal responses to noxious stimuli in the NHP ther-
mal stimulus assay following SC administration and to design
the preclinical studies so that appropriate sampling times were
used to capture the peak of effect. Simulations applied a two-
compartment PK model structure with extravascular admin-
istration and an assumption that SC absorption was rapid
(ka= 1) and complete (bioavailability = 100%). The assump-
tions regarding absorption properties were based on pharma-
cokinetic studies of structurally similar compounds in NHP
which displayed rapid and near complete bioavailability fol-
lowing SC administration (data not shown).

RESULTS

In Vitro Results

The inhibitory in vitro potency of 27 compounds was measured
on rhesus NaV1.7 channels stably expressed in mammalian
cells. The measured IC50 values are summarized in Table I
along with measured fraction unbound in rhesus plasma.
Intrinsic in vitro potencies of test compounds covered a wide
range encompassing two orders of magnitude, ranging from
0.1 to 21 μM.

fMRI Results

To determine modulation of pharmacology in rhesus maca-
ques, the treatment mediated effect on odorant-induced olfac-
tion in the OB of rhesus monkeys was measured by fMRI.
Vehicle and a dose range of each of the 27 test compounds
was studied in rhesus macaque monkeys. Odor-induced olfac-
tion signaling was robustly observed in the OB of vehicle-
treated NHPs and test compounds showed a concentration-
dependent inhibition of the fMRI response. Fig. 2a shows the
mean temporal profiles of the inhibition of fMRI responses for
all treatment groups with representative test compound 24 for
which a robust PK and PD dataset was acquired at multiple
dose levels as the compound progressed through each stage of
analysis. Given the administration paradigm of bolus followed
by continuous infusion, the plasma concentration was as-
sumed to be relatively constant over the entire hour post-dose,
and this assumption was supported by subsequent PK

modeling. This assumption allowed for an exposure-
response relationship to be evaluated between the plasma
concentration of test compound at the end of infusion and
the average fMRI inhibition during infusion. Figure 2b is a
typical representation of the fMRI data as average percent
inhibition over the infusion interval versus the test compound
concentration in plasma at the end of infusion.

IVIVC with Cross Compound Exposure-Response
Analysis

The average percent fMRI inhibition and plasma concentra-
tion across individual animals within each dose group for each
test compound was determined to enable comparison of the
exposure-response relationship across different NaV 1.7
inhibitors. Figure 3a is an overlay of the average percent
fMRI inhibition during the infusion interval at each dose level
versus the average total plasma concentration at the end of the
infusion for each of the 27 test compounds. A range of
exposure-response curves was evident and is consistent with
the range of in vitro potency values measured against rhesus

Table I In vitro Fraction
Unbound in Rhesus
Plasma and Intrinsic
Rhesus NaV1.7 Potency

Test compound fu,p IC50 (μM)

1 0.118 18.2

2 0.001 6.25

3 0.106 3.04

4 0.069 20.9

5 0.066 2.56

6 0.074 0.348

7 0.138 1.30

8 0.078 2.05

9 0.080 3.55

10 0.019 5.10

11 0.053 0.806

12 0.048 0.851

13 0.097 0.667

14 0.049 0.328

15 0.051 0.387

16 0.042 0.162

17 0.082 2.10

18 0.106 0.334

19 0.178 1.83

20 0.008 1.59

21 0.251 0.377

22 0.341 1.39

23 0.173 1.12

24 0.148 0.103

25 0.146 0.484

26 0.048 0.994

27 0.070 0.479
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NaV1.7. Correction of the exposure for plasma protein bind-
ing followed by normalization of the unbound plasma concen-
trations to the intrinsic in vitro potency for each test compound
resulted in a collapse of this large apparent in vivo potency
range to a narrower translational exposure-response profile
with the exposure parameter represented as a dimensionless

ratio of the unbound concentration divided by the in vitro rhe-
sus NaV1.7 potency (Fig. 3b).

A simple Emax model was applied to characterize the rela-
tionship shown in Fig. 3b according to Eq.5. The estimated
EC50 value is 2.35 ± 0.42, and E0 and Emaxwere fixed at 0 and
100%, respectively. Since the plasma concentrations are cor-
rected for plasma protein binding and expressed relative to
in vitro potencies, the EC50 parameter should be interpreted as
the fold over in vitro potency that needs to be achieved in
plasma, based on unbound concentrations, to elicit a 50%
effect. The estimated EC50 parameter is in effect an in vitro to
in vivo scaling factor.

Effect Compartment PK-PD Modeling to Account
for Hysteresis

Figure 4 depicts the measured plasma concentration over time
(PK) and percent change in fMRI response over time (PD) for
Compound 6 at a single dose level for which both plasma
concentration and fMRI measurements were obtained at the
same time points throughout the 1 h IV infusion and 2 h
washout period. Due to the IV bolus followed by IV infusion
dosing paradigm of this study, the plasma concentrations
remained relatively constant over the first hour of the study,
then concentrations declined over the next two hours after the
infusion ended (Fig. 4a). Despite the constant plasma concen-
tration over the first hour, the percent change in fMRI re-
sponse was slightly delayed and was observed to continue in-
creasing over the first hour.While plasma concentrations were
declining after the end of infusion, the effect level remained
relatively constant (Fig. 4b). Thus, a time delay in both the
onset of effect and the washout of effect relative to plasma
exposure was evident from this data. When this data was plot-
ted as change in fMRI response versus concentration at each
time interval, a counterclockwise hysteresis loop was observed
(Fig. 4c). At the early timepoints (1.1 to 2.1 h), while the plas-
ma concentrations remained the same, the effect was increas-
ing, and then after infusion (2.2 to 3.9 h) when the plasma
concentrations were declining, the effect level remained high.

An example of the satellite PKmodeling approach to char-
acterize the plasma concentration over time in PD studies is
demonstrated in Fig. 5 with representative compound 24.
Figure 5a shows the model fit of satellite IV bolus PK data,
and Fig. 5b shows the simulated plasma concentration over
time under the dosing paradigm used in fMRI studies. The
observed plasma concentration data from the end of infusion
and end of study samples are overlaid on the plot as a visual
predictive check and show a reasonable concordance. Satellite
PK model fits and visual predictive check of simulated IV
infusion doses of al l compounds are included in
Online Resource 2. From the 15 test compounds with fMRI
olfaction data including measurement of PD washout, only 10
compounds had adequate PK model parameter fits from

Fig. 3 Pooled compound exposure-response in rhesus olfaction assay.
Average inhibition of fMRI signal during the infusion interval at each dose level
versus (a) the average total plasma concentration and (b) the average unbound
plasma concentration normalized by in vitro IC50 for each test compound.
Symbols represent observed data and error bars indicate standard error of
the mean. The line is an overlay of the fitted model prediction.
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satellite PK data to support accurate simulation of the PK
profile following IV bolus plus IV infusion dosing paradigm.

Therefore, only for those 10 compounds, the PK parameters
were fixed to the estimates from satellite PK modeling and
used in the effect compartment PK-PD model applied to the
percent change in fMRI response over time to account for
hysteresis and obtain EC50 estimates. Similar to the initial
model used to evaluate exposure-response, a simple Emax

model with the E0 fixed at 0 and the Emax fixed at 100% was
used to describe the PD within the effect compartment struc-
ture. The parameter estimates obtained from the model fit
were EC50 and ke0 (Table II). Figure 6 is an overlay of the
observed and model fit of the PK and PD curves for a repre-
sentative compound (Compound 24). Online Resource 2
depicts the overlay of mean observed and model fit PD curves
for all 10 compounds included in the effect compartment
analysis.

In Vitro to In Vivo Translation of NaV1.7 Modulation

The in vivo EC50 estimates from effect compartment PK-PD
model fitting for each individual test compound were cor-
rected for free fraction in plasma to calculate an unbound
EC50 estimate. The in vivo unbound EC50 was then compared
to the in vitro rhesus NaV1.7 IC50 to evaluate the in vitro to

Fig. 4 Temporal delay in effect relative to exposure in rhesus olfaction assay
for representative Compound 6. (a) Time course of Compound 6 concen-
tration in plasma following IV bolus plus 1 h infusion at a dose of 5 mg/kg in
rhesus. (b) Time course of inhibition of fMRI signal following IV bolus plus 1 h
infusion of 5 mg/kg Compound 6. (c) Hysteresis loop in the plot of inhibition
of fMRI signal versusCompound 6 concentration in plasma at each time point.
Data labels indicate the time in hours after start of fMRI data acquisition.

Fig. 5 Modeling and simulation of plasma concentration over time for rep-
resentative Compound 24. (a) Overlay of fitted model prediction (line) and
observed (symbols) plasma concentration following IV bolus administration in
rhesus satellite PK study at 0.05 mg/kg. (b) Overlay of model simulation (lines)
and observed (symbols) plasma concentration following IV bolus plus 1 h
infusion in rhesus olfaction assay at 0.06, 0.14, 0.3, and 1 mg/kg.
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in vivo correlation (Fig. 7). Only 7 of the 10 test compounds
with sufficient confidence in the estimated in vivo EC50, defined
as fitted EC50 and ke0 CV%< 50, were included in the corre-
lation analysis. The in vivo unbound EC50 correlated with the
in vitro NaV1.7 IC50 with an R-squared value of 0.7831, a
slope of 1.057 ± 0.210, and a p value of 0.006.

Informing Study Design with Translational Model
Simulation

An understanding of the exposure-response relationship and
temporal delays for a given test compound against the NaV1.7
target in the fMRI olfaction assay enabled a priori extrapolation to
other assays evaluating NaV1.7 pharmacology. An assay that
was used to evaluate effectiveness for analgesic potential is the
NHP thermode assay. Figure 8 shows the prospective simulated

Table II Parameter Value Estimates, Standard Errors (SE), and Coefficient
of Variation (CV%) from Effect Compartment PK-PD Model Describing
Inhibition of Rhesus Olfaction

Test Compound EC50 (μM) ke0 (hr−1)

Estimate SE CV% Estimate SE CV%

6 10.21 1.60 16 2.20 0.68 31

13 13.66 2.97 22 3.22 1.02 32

14 11.79 2.55 22 1.14 0.25 22

16 1.62 1.33 82 0.66 0.25 38

18 5.97 0.86 14 1.39 0.36 26

21 1.25 0.45 36 0.62 0.42 67

22 3.11 0.66 21 3.74 1.87 50

24 0.78 0.18 23 1.65 0.32 20

25 1.40 0.33 23 0.74 0.34 46

27 1.24 1.19 95 0.55 0.51 93

(a) (b)

(c) (d)

Fig. 6 Time course of treatment
mediated inhibition of fMRI signal
with representative Compound 24.
Symbols represent observed data
(Mean± SE) and lines are fitted
effect compartment model
predictions. Each panel displays a
different dose of Compound 24 (a)
0.06 mg/kg (N=3), (b) 0.14mg/kg
(N=6), (c) 0.3 mg/kg (N= 3), and
(d) 1 mg/kg (N= 3).

Fig. 7 Correlation of in vivo unbound EC50 from effect compartment model
of inhibition of olfaction with in vitro intrinsic NaV1.7 IC50. Symbols represent
individual compound results, and the dashed line indicates unity. The solid line
is a linear regression of the data points with an R-squared of 0.7831 and a
slope of 1.057.
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concentration over time (a,c) and effect over time (b,d) of two
representative test compounds (Compound 13 and Compound
24) at various doses using the PK and PD parameters estimated
from PK-PD modeling of the fMRI data. These simulations
informed dose selection and sample time in the thermode assay.
The measured concentration and percent effect at a single time
point targeting Tmax in the effect compartment following SC
administration of the proposed doses were overlaid in the plot as
a visual predictive check. Simulated exposure-response for
Compound 13 was highly predictive of the observed exposure-
response in the NHP thermode assay. Compound 24 simulated
exposure-response was approximately 4-fold left-shifted (more
potent) than was actually observed in the NHP thermode assay.
Compound 13 and 24 were selected to demonstrate the range of
predictive performance using this approach, and
Online Resource 3 shows the overlay of mean± standard error
of observed concentration and percent effect with model simu-
lated curves for all 5 compounds for which NHP thermode assay
data was available.

DISCUSSION

It is well accepted in the pharmaceutical industry that under-
standing of the exposure-response relationship of a compound

for its intended target is a critical component of drug discovery.
PK-PD modeling and simulation of preclinical data in drug
discovery enables integration of the drug and system specific
properties governing the observed PD profile, such as intrinsic
potency against the target, in vitro and in vivo protein binding,
PK, and distribution to the site of action. Beuters et. al. provided
an overview of these key concepts and highlighted the impact in
the drug discovery space with a few relevant examples (29). One
compelling example is the robust 1:1 IVIVC established for β-
secretase inhibitors in mice (R-squared = 0.85, n = 10,
p< 0.01), which incorporated unbound fraction in brain along
with turnover kinetics of the Amyloid β biomarker to account
for hysteresis (30). This is contrasted with an earlier effort by
Wood et. al. to define the in vitro to in vivo relationship for β-
secretase inhibitors by pooling single dose level data from a
single time point across 134 compounds in rats using total plas-
ma concentrations (31). While a significant correlation was ob-
served in the pooled compound approach, the regression was
not very precise (R-squared of 0.26), and accounting for un-
bound fraction and time dependencies would likely have im-
proved the correlation and understanding of magnitude of shift
between in vitro and in vivo potency.

The work described here demonstrates the utility of trans-
lational PK-PDmodeling and simulation of preclinical data in
the early stages of drug discovery to evaluate in vitro to in vivo

Fig. 8 Time course of simulated (lines) and observed (symbols) concentration and nociceptive response for representative Compounds 13 and 24 following
subcutaneous administration in the rhesus thermode assay. Top panel is Compound 13 data and bottom panel is Compound 24 data. Plots on the left (a, c)
display concentration over time in plasma (black) and effect compartment (blue) and plots on the right (b, d) display effect over time in the rhesus thermode assay.
Different shapes and line patterns indicate different doses as indicated in the figure legend.
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potency correlation, inform design of preclinical efficacy stud-
ies, and establish a translational approach which could be
applied to inform human efficacious dose for NaV1.7 inhib-
itors. Similar approaches to exposure-response analysis and
IVIVC have been described for the NaV1.7 target previously.
Kalezic et. al. described application of PK-PD modeling of
ectopic activity in spinal nerve ligated rats which incorporated
an effect compartment to account for hysteresis and plasma
protein binding to calculate unbound in vivo potency (32). A
robust correlation (R-squared = 0.86) was established be-
tween the unbound in vivo IC50 and in vitro NaV1.7 IC50 with
a 2 to 5-fold shift observed between in vitro and in vivo potency.
The authors discuss the impact of this analysis on reducing the
amount of in vivo efficacy screening required to optimize novel
NaV1.7 inhibitors as a result of increased confidence in the
in vitro to in vivo translation enabling only promising com-
pounds based on in vitro potency and early PK analysis to be
characterized in animal models. The article also attempts to
relate clinically efficacious unbound exposures for marketed
non-selective sodium channel inhibitors to in vivo IC50 for ec-
topic activity in the rat while acknowledging that the correla-
tion relies heavily on one compound in the analysis and that
additional data with more potent and selective NaV1.7 inhib-
itors would be needed to validate the relationship. The IVIVC
established for olfaction as a marker of target pharmacology in
non-human primates builds upon the existing knowledge from
rodent models of ectopic activity. In addition, both the fMRI
assay for olfaction and the thermode assay for nociception
have the potential to be directly translated to clinical assays
for NaV1.7 target modulation in healthy subjects.

The complexity of PK-PDmodel structure and precision of
parameter estimates should be fit for purpose to answer the
key question or test the hypothesis for which it was designed.
At early stages of drug discovery, a pooled cross-compound
approach to analysis is useful for obtaining initial estimates of
the pharmacological in vitro – in vivo correlation (IVIVC) for
chemical series and informs compound selection and progres-
sion in a drug discovery program. Pooled compound PK-PD
analysis can often overcome the limitation of sparse in vivo data
for individual compounds in the early stages of drug discovery
by allowing multiple studies to be analyzed together. As dem-
onstrated in Fig. 3, incorporation of compound and species-
specific factors such as differences in plasma protein binding
and intrinsic potency on the pharmacological target can im-
prove the exposure-response relationship relative to the rela-
tionship that can be observed by using plasma concentration
alone. In the case of our analysis, the measured in vitro potency
was assumed to be the intrinsic potency against the target.
Since the incubation media did not contain plasma or serum,
no correction was made to account for protein binding in the
in vitro system. Other compound specific parameters, such as
the kinetics of distribution to the site of action, may still con-
found our understanding of the in vitro to in vivo translation due

to hysteresis. Lack of accountability for compound differences
in hysteresis undoubtedly contributed to the variability in our
cross-compound exposure-response analysis.

As mentioned previously, there are multiple potential
mechanisms for time dependency in PK-PD relationships,
one of which is the rate of distribution to the site of action.
For this particular target (NaV1.7), the site of action is unmy-
elinated sensory afferent nerves (33). Test compounds in this
dataset have poor passive permeability, and therefore may
have relatively slow distribution out of the vasculature and
into the nerve tissue. The degree of temporal delay observed
was not the same for all compounds, which suggests that the
cause of hysteresis is a compound dependent property rather
than a function of the pharmacology. Utilization of the effect
compartment PK-PD model allows us to account for com-
pound differences in rate of distribution to the target site when
direct measurement of drug at the target site is not feasible.
Application of this approach for our analysis successfully cap-
tured the effect-time profile as depicted in Fig. 7 and provided
a more robust in vivo potency estimate for individual com-
pounds. Comparison of the unbound in vivo EC50 estimate
from PK-PD modeling with the in vitro rhesus NaV1.7 IC50
demonstrated a good correlation with a slope near unity, in-
dicating that in vivo unbound EC50 was equivalent to in vitro
IC50. The pooled compound analysis estimated that in vivo
unbound EC50 was 2.4-fold greater than in vitro IC50.
Therefore, individual compound PK-PD modeling with in-
corporation of an effect compartment to account for hysteresis
improved our understanding of the in vitro to in vivo correlation.

Robust characterization of the plasma PK profile is critical
to successful application of an effect compartment model. This
requires a rich concentration-time dataset, ideally in the same
animals as the effect-time dataset. However, frequent sam-
pling of plasma concentrations during the fMRI experiments
was not feasible. Therefore, when plasma concentration-time
data from satellite studies was available, it was utilized to ob-
tain the PK parameters. Although often necessary in preclin-
ical studies where PK sampling is limited, use of satellite PK
can introduce another source of variability in the estimate of
in vivo potency. In this analysis we were assuming that the PK
parameters following bolus IV administration to conscious
animals at one dose level were representative of the PK
parameters following IV infusion to anesthetized animals at
a different dose level. Our fMRI experiments included limited
sampling of PK at the end of the infusion as well as the end of
the study, and this data was used to verify that the simulated
PK profiles based on satellite studies were consistent with the
observed data in fMRI experiments as in Fig. 6b.

While the fMRI olfaction assay was useful to evaluate target
modulation and establish IVIVC, it does not directly inform on
the efficacy of NaV1.7 inhibitors for antinociception.
Therefore, compounds of interest were tested for antinocicep-
tive potential to a noxious thermal stimulus in NHPs.
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Prospective simulation of the effect-time profile in rhesus ther-
mode studies based on the PK-PD parameters estimated from
modeling of the fMRI data enabled model informed selection
of appropriate dose levels and sampling times. The ke0 param-
eter is particularly important when trying to select sampling
time points which capture the maximum effect. Smaller ke0
values result in a greater shift between Tmax observed in plas-
ma concentration and Tmax predicted in the effect compart-
ment. As demonstrated in Fig. 8, and Online Resource 3, the
duration of delay in maximum effect relative to maximum plas-
ma concentration ranged from approximately 0.5 h to 1.5 h. As
evident in Fig. 8, the prediction of potency in the thermal noci-
ception model was better for some compounds than others. A
couple of critical assumptions were made in translating PK-PD
from olfaction to nociception. The first was that the level of
target engagement (NaV1.7 inhibition) required to block noci-
ceptive signaling was the same as that for prevention of olfaction
signal. Ex vivo electrophysiology studies in SCN9A KO olfac-
tory sensory neurons demonstrated that the NaV1.7 mediated
mechanism of action for anosmia is consistent with the mecha-
nism responsible for absence of nociceptive perception in loss-
of-function patients (14,34,35). Since the role of NaV1.7 in both
processes involves propagation of action potentials from the
sensory neuron to transmit signal to second order neurons, it
seems reasonable that the same level of NaV1.7 inhibition
would be required to block both physiological responses. The
second assumption was that the rate of distribution to the site of
action for olfaction (olfactory epithelium) would be the same for
peripheral nerves of the forearm. However, the sensory cells of
the olfactory system, olfactory receptor neurons (ORNs), are
unique in that their cell bodies reside in the olfactory epitheli-
um, while their dendrites protrude into the lumen of the nasal
cavity and their axons project directly into the olfactory bulb.
Hussar et al. have demonstrated structural differences in the
blood-nerve barrier along these different portions of the ORN
(36). In addition, the tight junction protein occludin was found
to be absent from the nerve fiber bundles in the epithelium,
which is a marked contrast to the blood-nerve barrier in typical
peripheral nerves such as the sciatic nerve (36,37). We observed
in our analysis that compounds with lower ke0 (slower distribu-
tion to the site of action) in the olfaction assay tend to display an
approximate 4 to 10-fold rightward shift in thermode assay
potency relative to the potency in olfaction assay. It is reason-
able to hypothesize that the blood-nerve barrier could be even
more restrictive at the peripheral nerves in forearm than at the
olfactory epithelium. Therefore, although the ke0 parameter is
associated with a hypothetical compartment in the PK-PD
model, it may have physiological relevance with respect to the
rate of compound penetration into the nerve tissue. The poten-
tial for different ke0 parameter values should be considered
when comparing PK-PD across different sites of action.

The established PK-PD model to quantitatively integrate
in vitro potency, protein binding, and in vivo PK to predict in vivo

target modulation and analgesic efficacy in the rhesus monkey
provided a translational approach to inform potential effica-
cious human doses for candidate molecules. In vitro measure-
ment of species-specific intrinsic potency against human
NaV1.7 and human plasma protein binding can be used to
predict target efficacious exposures at the site of action based
on the IVIVC established in rhesus. However, translation of
the ke0 parameter from rhesus olfaction to human pain will
need to carefully consider potential species and tissue differ-
ences in distribution to the site of action. A recent clinical
study with a NaV1.7 inhibitor, GDC-0276, monitored re-
duced sense of smell (hyposmia) as a potential biomarker of
on-target pharmacology (38). While a couple of incidents of
hyposmia were reported, the authors conclude that due to a
lack of an exposure-related pattern the findings do not support
impaired sense of smell as a biomarker. However, the expo-
sure required for antinociceptive efficacy has not yet been
determined, and it is possible that the relatively low unbound
plasma concentrations obtained in this study did not achieve
sufficient target engagement at the site of action to inhibit
olfaction or pain signal. The authors themselves acknowledge
that further study will be needed to define the exposures re-
quired to achieve on-target pharmacodynamic effects.

CONCLUSION

In conclusion, we have demonstrated the application of trans-
lational quantitative pharmacokinetic-pharmacodynamic
modeling in the drug discovery stage to address key questions
relevant to the ‘three pillars of survival’ and inform study
design for preclinical efficacy studies. Parameterization of
the model with appropriate species-specific input values, such
as intrinsic potency, plasma protein binding, and PK along
with consideration of key assumptions regarding drug distri-
bution may enable prospective prediction of efficacious hu-
man dosing regimen.
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