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Abstract Introduction: Donepezil is a widely used cholinesterase inhibitor in themanagement of Alzheimer’s
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disease. Despite large-scaled evidence for its efficacy, elevated peripheral ACh levels often lead to
side effects and are dose limiting. The present exploratory study is designed to determine the poten-
tiation of the effects of donepezil by cotreatment with EVP-6124, an alpha-7 nicotinic agonist, to
reduce scopolamine-induced cognitive deficits in healthy elderly subjects. Secondary objectives
are to explore safety and pharmacokinetic and pharmacodynamics effects of EVP-6124 alone and
in combination with donepezil compared to placebo.
Methods: A phase I randomized, single-center, placebo-controlled, double-blind, five-way, partial
crossover study was performed with donepezil 2.5, 5 mg or placebo combined with EVP-6124
0.3, 1, 2, 4 mg or placebo in three cohorts of healthy elderly subjects in a scopolamine (0.3 mg
i.v.) challenge test. Safety, pharmacokinetic, and pharmacodynamics outcomes were assessed.
Results: A total of 36 subjects completed the study. Donepezil pharmacokinetic parameters were
similar with and without EVP-6124. Effective dose combinations were donepezil/EVP-6124(5/2 mg)
and donepezil/EVP-6124 (5/0.3 mg) and showed improvements of the delayed recall of the Visual Ver-
bal Learning Test (1.2; CI 5 0.1–2.3) and reaction time during the two-back condition of the N-back
(242; CI5277,28), respectively. Overall, no marked reversal of scopolamine effects was observed.
Discussion: This study shows no synergistic effect of subtherapeutic doses of donepezil and EVP-
6124 in a scopolamine challenge model in healthy elderly subjects. Dosing of scopolamine and
the combination of donepezil and EVP-6124 requires further study.
� 2019 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Alzheimer’s disease (AD) is the most common form of
dementia. As the world population ages, prevalence and eco-
nomic costs are estimated to increase at a rapid pace. Disease
prevalence will increase to approximately 75 million AD pa-
tients in 2030 and costs will approach w1.1% of the gross
domestic product [1,2]. Acetylcholinesterase inhibitors
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(AChEIs) are the most widely prescribed class of drugs for
the symptomatic treatment of mild-to-moderate AD. Clin-
ical trials demonstrate that AChEIs donepezil, galantamine,
or rivastigmine at recommended dosage show significant im-
provements in cognitive and functional capacities and decel-
eration of the AD pathogenesis in people with mild,
moderate, or severe AD [3–5]. However, despite the
widely use of AChEIs and the large-scaled evidence for its
efficacy, elevated peripheral ACh levels often lead to periph-
eral side effects such as vomiting and/or nausea [3]. These
elevated ACh levels are dose limiting, whereas central
AChE inhibition is suboptimal.
imer’s Association. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ggroeneveld@chdr.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trci.2019.02.002&domain=pdf
https://doi.org/10.1016/j.trci.2019.02.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.trci.2019.02.002
https://doi.org/10.1016/j.trci.2019.02.002


Table 1

Overview of study cohorts and treatment periods

Treatment period*

Cohort 1 (n 5 12) Cohort 2 (n 5 12) Cohort 3 (n 5 12)

DPZ EVP-6124 DPZ EVP-6124 DPZ EVP-6124

1 Placebo Placebo Placebo Placebo Placebo Placebo

2 Placebo 0.3 mg 2.5 mg Placebo 5 mg Placebo

3 Placebo 1 mg 2.5 mg 0.3 mg 5 mg 0.3 mg

4 Placebo 2 mg 2.5 mg 1 mg 5 mg 1 mg

5 Placebo 4 mg 2.5 mg 2 mg 5 mg 2 mg

Abbreviation: DPZ 5 donepezil.

*The order of the treatment periods was randomized for each subject. Each treatment period was separated by a 14-day washout period; all subjects received

scopolamine 0.3 mg i.v.
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The nicotinic acetylcholine receptor agonist (nAChR)
EVP-6124 might to be a candidate for the treatment of AD
in combination with AChEIs, as it potentiates the effect of
acetylcholine by occupying one of the two available ACh
binding sites on the a7 nAChR [6,7]. Occupation of only
one binding site will prevent desensitization, but at the
same time, lower acetylcholine levels will be able to
activate the receptor. Coadministration with an AChEI
would therefore require lower doses to achieve the same
effect in AD patients, thereby reducing the severity and
number of peripheral ACh side effects due to AChEI. In
addition to expansion of the therapeutic window of
AChEIs, this “potentiation” of the nACh receptor may also
lead to a more effective improvement of cognitive
functions, and postsynaptic receptor activation may have a
positive procognitive effect even if (presynaptic)
cholinergic neurons are mostly degenerated. In a
preclinical animal model, Prickaerts and colleagues
indicated a potential synergistic effect of donepezil and
EVP-6124 because coadministration of subtherapeutic dos-
ages of donepezil and EVP-6124 showed similar effects as
either donepezil or EVP-6124 at higher dosages [8]. Data
from phase I and II trials involving EVP-6124 confirmed
these findings in subjects with mild-to-moderate AD and
showed that the treatment with donepezil and EVP-6124
was well tolerated [9,10], which prompted the further
investigation of EVP-6124 in phase III trials. Two phase
III trials aiming to assess the efficacy and tolerability of
EVP-6124 in patients with mild-to-moderate Alzheimer’s
disease were initiated but halted in 2015 because of gastro-
intestinal adverse events [11–13]. Since then, evidence on
the suggested synergistic effects of donepezil and EVP-
6124 has not been pursued.

This exploratory study was designed to determine
whether the strong potentiation of the effects of donepezil
by cotreatment with EVP-6124 that was observed in rats
can also be observed in healthy elderly volunteers during
cognition deficits induced by scopolamine administration.
Because it is difficult to demonstrate improvement of cholin-
ergic neuronal functioning in healthy volunteers, scopol-
amine hydrobromide, a muscarinic acetylcholine receptor
antagonist, was administered to induce a temporary cholin-
ergic deficiency leading to impairment of some cognitive
functions [14]. Secondary objectives of this study were to
explore pharmacokinetic and pharmacodynamics effects
and safety of EVP-6124 alone and in combination with do-
nepezil compared to placebo.
2. Methods

2.1. Trial design and subjects

A randomized, single-center, placebo-controlled, double-
blind, five-way partial crossover study was performed with
four dose levels of EVP-6124 or placebo and two dose levels
of donepezil or placebo in a scopolamine challenge cogni-
tive impairment model. Subjects were nonsmoking, healthy,
elderly (651) subjects. Main exclusion criteria were aMini–
Mental State Examination score lower than 27, impaired
renal or liver function, prolonged QTc, and use of interfering
concomitant medication. Subjects were randomized to one
of three cohorts. Subjects in cohort 1 received either double
placebo or donepezil placebo in combination with EVP-
6124 (0.3, 1, 2, or 4 mg). Subjects in cohort 2 received either
double placebo or donepezil 2.5 mg in combination with
EVP-6124 (placebo, 0.3, 1, or 2 mg). Subjects in cohort 3
received either double placebo or donepezil 5 mg in combi-
nation with EVP-6124 (placebo, 0.3 mg, 1 mg, and 2 mg).
Treatments were orally administered in a randomized order.
Each treatment period was separated by a 14-day washout
period. The study cohorts and treatment periods are summa-
rized in Table 1. All subjects received scopolamine 0.3 mg
intravenously on each occasion. To reach the expected
Tmax of all treatments at approximately the same time point,
scopolamine was administered 6 hours after administration
of EVP-6124 and 4 hours after administration of donepezil.
All subjects gave written informed consent for participation
in the study. The study was approved by the ethics commit-
tee of the Leiden University Medical Center, the
Netherlands. The study was conducted according to the
Dutch Act on Medical Research Involving Human Subjects
(WMO) and in compliance with Good Clinical Practice
(ICH-GCP) and the Declaration of Helsinki. The trial was
registered in the European Union Clinical Trials Register
(2011-006016-31).
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2.2. Dosing rationale

2.2.1. Donepezil
In previous studies, oral donepezil 5 mg partially reversed

the effect of scopolamine 0.3 mg administered subcutane-
ously to healthy elderly volunteers [15]. In a preclinical an-
imal model, Prickaerts and colleagues reported a potential
synergistic effect of donepezil and EVP-6124 because coad-
ministration of subtherapeutic dosages of donepezil and
EVP-6124 showed similar effects as either donepezil or
EVP-6124 alone at higher dosages [8]. Data from phase I
and II trials involving EVP-6124 confirmed these findings
in subjects with mild-to-moderate AD and showed that the
treatment with donepezil and EVP-6124 was well-
tolerated [9,10], which prompted the further investigation
of EVP-6124 in phase III trials. Two phase III trials aiming
to assess the efficacy and tolerability of EVP-6124 in pa-
tients with mild-to-moderate Alzheimer’s disease were initi-
ated but halted in 2015 because of gastrointestinal adverse
events, perhaps due to the 5-HT3 antagonist activity of
EVP-6124 and gastrointestinal motility effects [11–13].
Since then, evidence on the suggested synergistic effects
of donepezil and EVP-6124 has not been pursued. As the
combination of subtherapeutic doses of EVP-6124 and do-
nepezil is expected to lead to enhanced efficacy, a 2.5 mg
dose of donepezil was chosen in the present study to deter-
mine enhancement of the donepezil effect in the presence
of EVP-6124. In addition, a 5.0 mg dose of donepezil was
chosen to determine if any further improvement beyond
the presumed maximal donepezil effect could be induced
by EVP-6124.

2.2.2. EVP-6124
Single oral doses ranging from 1 to 180 mg showed linear

pharmacokinetics with Cmax values from 0.6 to 100 ng/mL
(1.8–312 nM) achieved 5–8 hours after dosing in healthy
volunteers. Effects on the Digit Symbol Substitution Test
were most prevalent at 20mg [16]. In the present study, a sin-
gle oral dose of EVP-6124 0.3, 1.0, 2.0, and 4.0 mg was stud-
ied. The relatively low dose range of EVP-6124 was chosen
on purpose, as preclinical studies showed a synergistic effect
of donepezil and EVP-6124, when given at subtherapeutic
dosages (0.3 and 1.0 mg/kg) [8].

2.2.3. Scopolamine
The muscarinic M1-5 acetylcholine receptor antagonist

scopolamine is known to induce temporary impairment in
cholinergic-dependent cognitive function. The application
of the scopolamine challenge model is the most extensively
used pharmacological model of cognitive impairment [17].
Previous studies have shown that a dose of 0.5 mg intrave-
nously induces significant cognitive deficits in healthy
young volunteers, while in healthy elderly volunteers, a sub-
cutaneous dose of 0.3 mg resulted in quantifiable and repro-
ducible cognitive deficits [14,15,18]. Because intravenous
dosing was expected to lead to a shorter duration of effect
with only a slightly higher Cmax, it was decided to
administer a dose of 0.3 mg scopolamine intravenously to
the healthy elderly volunteers in this study [19].
2.3. Pharmacokinetic assessment

Venous blood samples were obtained via an indwelling
catheter before administration of EVP-6124 and at 5 hours,
6.15 hours (immediately after scopolamine infusion), 7, 8, 9,
10, and 12 hours after administration. Plasma concentrations
of EVP-6124, donepezil, and scopolamine were determined
(PRA, Assen, The Netherlands) by a validated method using
high performance liquid chromatography coupled to
tandem-mass spectrometry. Pharmacokinetic noncompart-
mental data analysis was performed to determine Tmax,
Cmax, AUC0/t by cohort per treatment. AUC was deter-
mined using the trapezoidal method. For scopolamine,
AUC0/inf, lambda, and the elimination half-life (t1/2) were
also calculated.
2.4. Pharmacodynamic assessment

The “NeuroCart” is a battery of sensitive tests for a wide
range of CNS domains that was developed to examine
different kinds of CNS-active drugs [20]. The N-back test
and the digit symbol substitution test were used to evaluate
working memory [21–26]; the Stroop test evaluated
inhibition, interference, and controlled versus automatic
processing [27]; adaptive tracking measured attention and
eye-hand coordination [28–33]; the single reaction time
task measured reaction time [34]; finger tapping measured
motor speed [35]; the Visual Analogue Scale according to
Bond & Lader was used to assess subjective states [36,37];
pharmaco-electroencephalography, eye movements, and pu-
pil size were used to monitor any drug effects, which can be
interpreted as evidence of penetration and activity in the
brain [32,33,38,39]; body movements were measured with
the body sway meter [40]; and the Visual Verbal Learning
Test (VVLT) measured the whole scope of learning behavior
(i.e., acquisition, consolidation, storage, and retrieval) [41].

All tests were performed twice before administration of
scopolamine and repeated immediately and at 1, 2, 3, 4,
and 6 hours after administration of scopolamine. Predose
test scores were averaged. The only exception was VVLT,
which was only performed 1 hour after dosing of scopol-
amine. Measurements were performed in a quiet room
with ambient illumination with only one subject per session
in the same room.
2.5. Safety assessments

All subjects underwent medical screening, including
medical history, physical examination, vital signs measure-
ment, 12-lead electrocardiogram (ECG), urinalysis, drug
screen and safety chemistry and hematology blood
sampling. During treatment periods, safety was assessed



Table 2

Subject demographics and baseline characteristics

Variable Cohort 1 (n 5 12) Cohort 2 (n 5 12) Cohort 3 (n 5 12) All (n 5 36)

Age (years) 69.3 (65–77) 68.1 (65–75) 69.7 (65–78) 69.0 (65–78)

Sex (% male) 41.7 66.7 83.3 63.9

Weight (kg) 74.1 (54.9–95.8) 79.2 (54.7–100.9) 80.1 (64.2–93.6) 77.8 (54.7–100.9)

BMI (kg/m2) 25.5 (21.4–28.7) 25.6 (21.5–29.8) 26.7 (22.3–31.0) 25.9 (21.4–31.0)

MMSE 29.1 (28–30) 28.7 (27–30) 29.1 (28–30) 28.9 (27–30)

NOTE. Means and ranges are presented.

Abbreviations: BMI, body mass index; MMSE, Mini–Mental State Examination.
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using monitoring of adverse events (AEs), vital signs, ECG
and safety chemistry and hematology blood sampling.

2.6. Sample size calculation and statistics

A sample size of 36 patients was defined to have 80% po-
wer to detect an 80% reduction of scopolamine effects due to
the combination of donepezil and EVP-6124. This calcula-
tion was based on a previous study with scopolamine and
a glycine reuptake inhibitor where the effect of scopolamine
alone reduced adaptive tracking scores with 42% [42,43].
Based on the estimated standard deviation of the
difference, which was about 33% of the scopolamine
effect, we assumed that with 12 subjects, the added effect
of EVP-6124 over donepezil should be about 30%. If done-
pezil alone would reduce the scopolamine effect with 50%
(to 21%), then the combination of donepezil and EVP-
6124 should reduce the scopolamine effect with 80% (to
8.5%) to have 80% power with a two sided alpha of 0.05
and 12 subjects per cohort using a paired t-test. Pharmacody-
namic end points were summarized (mean and standard de-
viation of the mean, median, minimum, and maximum
values) by treatment and time. For cohort 1, the EVP-6124
treatments were compared to the placebo treatment. The
complexity of the data with repeated measures in time and
crossover for treatment led to the choice of a mixed model
analysis of variance to analyze the data, separately for
each cohort. Within the model, treatment and time were
the fixed factors, and the interaction of time and treatment
was also added. To account for the repeated measures over
time and for the repeated measures over treatment, a random
factor subject and the interactions subject by time and sub-
ject by treatment were added. The average prevalue per
treatment, before scopolamine was given, was used as a co-
variate. In each of the random factors, a compound symme-
try variance/covariance structure is fitted. The Kenwood
Rogers degrees of freedom methods were chosen, to correct
for the relative small amount of data within the factors of the
analysis. Within the model, four estimated differences with
95% confidence interval and the P value of the difference
were estimated for each cohort. For cohort 1, the estimated
differences were as follows: each dose group versus placebo.
For cohort 2, the four estimated differences were as follows:
donepezil alone versus placebo and three doses of EVP in
combination with donepezil versus placebo. For cohort 3,
the same estimated differences were calculated as for cohort
2. The change compared to the scopolamine challenge alone
(with double oral placebo) was analyzed. Average prevalues
were added to the model as a covariate. The carryover effect
was not implemented in the statistical model as the washout
period was considered ample and the randomization was
balanced for first-order carryover effects. Analyses were per-
formed on both the data as is and the change from baseline.
A P ,.05 (two-sided) was considered statistically signifi-
cant. Noncompartmental pharmacokinetic analyses were
performed on the plasma concentration data after oral
administration of EVP-6124, donepezil, and scopolamine.
Statistical summaries, descriptive statistics, and frequency
tables were generated using SAS software (version 9.1.3).
Pharmacokinetic analysis was performed using R (version
2.12.0).
3. Results

3.1. Subjects

Overall, 38 subjects were enrolled in the study. One sub-
ject retracted informed consent shortly after administration
of EVP-6124 or placebo and did not perform any postdose
measurements. Data of this dropout subject were only
included in the safety analysis. One subject discontinued
the study after receiving EVP-6124 placebo and donepezil
placebo during period 2, because of urinary retention due
to prostate hypertropia. All 37 dosed subjects were included
in the safety analyses; 36 subjects were analyzed for phar-
macokinetic and pharmacodynamic outcomes. Subject de-
mographics and baseline characteristics are summarized in
Table 2. Despite randomization, cohort 3 had a relatively
high percentage of male subjects. Therewere no relevant dif-
ferences in other parameters between the cohorts.
3.2. Safety

All but one subject who received at least one dose of
study medication (n5 36, 97.3%) reported at least one treat-
ment related AE during the study. The most frequently re-
ported drug related AEs were somnolence, dry mouth,
dizziness, headache, disturbance in attention, and gait distur-
bance (see Table 3). Most events were mild in intensity
and self-limiting. One subject discontinued the study after



Table 3

Most frequently occurring treatment-related adverse events for all dose combinations

DPZ EVP-6124 N* Somnolence Dry mouth Dizziness Headache Disturbance in attention Gait disturbance

Placebo Placebo 35 22 (62.9%) 25 (71.4%) 19 (54.3%) 4 (11.4%) - 4 (11.4%)

Placebo 0.3 mg 12 6 (50.0%) 8 (66.7%) 6 (50.0%) 1 (8.3%) 2 (16.7%) 1 (8.3%)

Placebo 1 mg 11 5 (45.5%) 8 (72.2%) 3 (27.3%) 3 (27.3%) 2 (18.2%) 1 (9.1%)

Placebo 2 mg 12 8 (66.7%) 10 (83.3%) 4 (33.3%) - 1 (8.3%) 1 (8.3%)

Placebo 4 mg 12 7 (58.3%) 10 (83.3%) 5 (41.7%) 1 (8.3%) 2 (16.7%) 3 (25.0%)

2.5 mg Placebo 11 7 (63.6%) 6 (54.4%) 6 (54.4%) 1 (9.1%) - -

5.0 mg Placebo 10 6 (60.0%) 6 (60.0%) 6 (60.0%) 1 (10.0%) 1 (10.0%) -

2.5 mg 0.3 mg 11 9 (81.8%) 5 (45.5%) 6 (54.5%) 2 (18.2%) 2 (18.2%) 1 (9.1%)

2.5 mg 1 mg 11 9 (81.1%) 9 (81.1%) 6 (54.5%) 3 (27.3%) 1 (9.1%) -

2.5 mg 2 mg 12 11 (91.7%) 7 (58.3%) 5 (41.7%) 4 (33.3%) 1 (8.3%) 2 (16.7%)

5.0 mg 0.3 mg 11 6 (54.5%) 4 (36.4%) 5 (45.5%) - - -

5.0 mg 1 mg 11 8 (72.7%) 5 (45.5%) 6 (54.5%) 1 (9.1%) 1 (9.1%) -

5.0 mg 2 mg 11 8 (72.7%) 6 (54.5%) 7 (63.6%) 1 (9.1%) 2 (18.2%) -

All 37 31 (83.3%) 32 (86.5%) 32 (86.5%) 11 (29.7%) 12 (32.4%) 11 (29.7%)

Abbreviation: DPZ 5 donepezil.

*All subjects received scopolamine 0.3 mg i.v. on each occasion.
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receiving EVP-6124 placebo and donepezil placebo,
because of urinary retention due to prostate hypertropia,
requiring transurethral prostatectomy 12 days after his sec-
ond study period. This AE was classified as unrelated to
the study drugs. There were no relevant changes in ECG, vi-
tal signs, or laboratory values.
3.3. Pharmacodynamics

Pharmacodynamic effects for all different combinations
of donepezil and EVP-6124 are summarized in Table 4.
The accuracy on the N-back deteriorated after administra-
tion of donepezil/EVP-6124 (5/2 mg) for the 1-back para-
digm, and administration of donepezil/EVP-6124 (2.5/
2 mg) for the 2-back paradigm. Furthermore, reaction time
on the 2-back paradigm of the N-back improved after admin-
istration of donepezil/EVP-6124 (5/0.3 mg). None of the
other combinations of donepezil and EVP-6124 affected
N-back accuracy or reaction time. The administration of
donepezil/EVP-6124 (5/2 mg) led to improvement of the de-
layed word recall of the VVLT. Outcomes on the saccadic
inaccuracy worsened after administration of donepezil/
EVP-6124 (2.5/0.3 mg) and after administration of
donepezil/EVP-6124 (2.5/1 mg). Saccadic reaction time
worsened after administration of donepezil/EVP-6124 (5/
1 mg), but none of the other combinations of EVP-6124
and donepezil affected saccadic eye movements. None of
the other tests were affected by any combination of EVP-
6124 and donepezil.

EVP-6124 alone, particularly at 4 mg, had a dose-
dependent positive effect on the 0-back accuracy. EVP-
6124 2 mg had a positive effect on 1-back accuracy (see
Table 4). EVP-6124 4 mg induced an increase in body
sway and EVP-6124 1 mg induced an increase in power in
the EEG alpha frequency. None of the other tests were
affected by any dose of EVP-6124 alone.
Administration of donepezil 2.5 mg alone led to an
improvement on adaptive tracking, SRT, and saccadic inac-
curacy (see Table 4). Administration of donepezil 5 mg led
to an improvement of saccadic reaction time and reaction
time of the 0-back paradigm of the N-back, but to an
increased reaction time on the 2-back paradigm. None of
the other tests were affected by donepezil 2.5 or 5 mg.

Administration of scopolamine alone led to a worsened
performance on adaptive tracking, N-back, SDST, Stroop
test, SRT, saccadic eye movements, body sway, finger tap-
ping, and VAS alertness, as well as a decrease in EEG alpha
frequency and an increase in EEG delta frequency. Scopol-
amine did not affect EEG beta and theta frequencies, smooth
pursuit eye movements, and VAS composite scores for calm-
ness and mood.
3.4. Pharmacokinetics

Table 5 shows the pharmacokinetic parameters of done-
pezil and EVP-6124. Based on the noncompartmental anal-
ysis, donepezil pharmacokinetic parameters were similar
with or without EVP-6124, suggesting that EVP-6124 did
not affect the pharmacokinetic profile of donepezil.
Conversely, EVP-6124 pharmacokinetic parameters were
similar with or without donepezil suggesting that donepezil
did not affect the pharmacokinetic profile of EVP-6124.
Because all subjects received scopolamine, the study design
does not allow an investigation of any potential pharmacoki-
netic interactions between scopolamine and donepezil or
EVP-6124.
4. Discussion

Preclinical experiments have shown a synergistic effect
of EVP-6124 and donepezil in reducing the deleterious ef-
fects of scopolamine on short-term memory observed in
rats using the Morris water maze task. A complete reversal



Table 4

Pharmacodynamic effects compared to placebo

Outcome

Cohort 1 (n 5 12) Cohort 2 (n 5 12) Cohort 3 ( 12)

DPZ placebo 1

EVP-6124 0.3 mg

DPZ placebo 1

EVP-6124 1 mg

DPZ placebo 1

EVP-6124 2 mg

DPZ placebo 1

EVP-6124 4 mg

DPZ 2.5 mg 1

EVP-6124

placebo

DPZ 2.5 mg 1

EVP-6124 0.3 mg

DPZ 2.5 mg 1

EVP-6124 1 mg

DPZ 2.5 mg 1

EVP-6124 2 mg

DPZ 5 mg

EVP-place

DPZ 5 mg 1

EVP-6124 0.3

DPZ 5 mg 1

EVP-6124 1 mg

DPZ 5 mg 1

EVP-6124 2 mg

Adaptive

tracking (%)

21.23 (22.80, 0.34)

P 5 .1200

0.03 (21.56, 1.63)

P 5 .9671

20.83 (22.33, 0.67)

P 5 .2691

20.26 (21.76, 1.24)

P 5 .7281

1.49 (0.20, 2.77)

P 5 .0247

21.12 (22.41, 0.17)

P 5 .0855

21.00 (22.31, 0.31)

P 5 .1312

21.14 (22.43, 0.14)

P 5 .0796

0.72 (20. .20)

P 5 .3

20.23 (21.74, 1.28)

P 5 .7616

20.02 (21.52, 1.48)

P 5 .9777

20.00 (21.49, 1.48)

P 5 .9985

Body sway

(mm)*

7.1 (3.2, 18.6)

P 5 .1796

20.3 (10.1, 10.5)

P 5 .9471

21.7 (211.3, 8.8)

P 5 .7290

11.6 (0.7, 23.6)

P 5 .0363

1.9 (210.9, 16.6)

P 5 .7767

24.4 (216.0, 8.7)

P 5 .4792

20.0 (212.3 13.9)

P 5 .9957

4.7 (28.0, 19.1)

P 5 .4786

27.6 (216 .5)

P 5 .1

2.6 (27.7, 14.1)

P 5 .6260

5.4 (25.1, 17.2)

P 5 .3152

23.0 (212.6, 7.7)

P 5 .5561

VVLT delayed

word recall

(number of

words)

0.4 (20.9, 1.7)

P 5 .5508

0.1 (21.2, 1.4)

P 5 .8959

21.1 (22.3, 0.2)

P 5 .0970

20.4 (21.6, 0.9)

P 5 .5755

20.4 (21.5, 0.7)

P 5 .4707

0.1 (21.0, 1.2)

P 5 .654

0.5 (20.6, 1.6)

P 5 .3988

0.3 (20.7, 1.4)

P 5 .5417

20.2 (21. 8)

P 5 .6

0.2 (20.9, 1.3)

P 5 .7362

0.4 (20.7, 1.5)

P 5 .4469

1.2 (0.1, 2.3)

P 5 .0327

N-back, 0-back

accuracy (%)

0.02 (20.04, 0.08)

P 5 .5073

0.04 (20.03, 0.10)

P 5 .2318

0.05 (20.01, 0.11)

P 5 .0818

0.06 (0.00, 0.12)

P 5 .0470

0.03 (20.05, 0.11)

P 5 .4512

0.04 (20.04, 0.12)

P 5 .3346

0.06 (20.02, 0.14)

P 5 .1629

0.01 (20.07, 0.09)

P 5 .8116

0.04 (20. .10)

P 5 .

20.05 (20.11, 0.01)

P 5 .1030

0.01 (20.05, 0.07)

P 5 .7496

20.03 (20.10, 0.03)

P 5 .2730

N-back, 0-back

reaction time

(ms)

8 (212, 29)

P 5 .4004

217 (237, 4)

P 5 .1085

25 (225, 15)

P 5 .6209

216 (236, 4)

P 5 .1151

224 (248, 1)

P 5 .0615

29 (231, 13)

P 5 .3889

13 (29, 35)

P 5 .2366

11 (211, 33)

P 5 .3189

218 (236 1)

P 5 .0

27 (224, 11)

P 5 .4388

26 (224, 12)

P 5 .5046

3 (215, 20)

P 5 .7511

N-back, 1-back

accuracy (%)

0.02 (20.05, 0.10)

P 5 .5558

0.04 (20.04, 0.12)

P 5 .3062

0.08 (0.01, 0.16)

P 5 .0337

0.05 (20.03, 0.12)

P 5 .2385

20.00 (20.12, 0.11)

P 5 .9598

0.04 (20.08, 0.16)

P 5 .5014

0.01 (20.11, 0.12)

P 5 .9269

20.01 (20.13, 0.10)

P 5 .8351

0.03 (20. .11)

P 5 .4

20.04 (20.12, 0.04)

P 5 .3158

20.03 (20.11, 0.05)

P 5 .5004

20.09 (20.17, 20.01)

P 5 .0273

N-back, 2-back

accuracy (%)

20.02 (20.11, 0.07)

P 5 .6878

0.01 (20.08, 0.10)

P 5 .8796

0.03 (20.06, 0.13)

P 5 .4557

20.02 (20.11, 0.07)

P 5 .7181

0.04 (20.08, 0.17)

P 5 .5034

0.01 (20.11, 0.14)

P 5 .8346

20.06 (20.19, 0.06)

P 5 .3162

20.14 (20.26, 20.01)

P 5 .0336

0.02 (20. .11)

P 5 .7

20.03 (20.12, 0.07)

P 5 .5790

20.04 (20.14, 0.05)

P 5 .3887

20.08 (20.18, 0.01)

P 5 .0800

N-back, 2-back

reaction time

(ms)

25 (236, 25)

P 5 .7210

23 (233, 28)

P 5 .8693

1 (229, 31)

P 5 .9305

28 (239, 22)

P 5 .5733

227 (270, 16)

P 5 .2115

27 (216, 70)

P 5 .2057

35 (28, 79)

P 5 .1070

41 (22, 85)

P 5 .0625

35 (21,

P 5 .0

242 (277, 28)

P 5 .0187

220 (255, 15)

P 5 .2513

215 (249, 19)

P 5 .3722

Simple reaction

time test (%)*

3.3 (27.0, 14.6)

P 5 .5380

21.5 (211.5, 9.8)

P 5 .7844

21.1 (210.9, 9.8) P 5 .8319 5.2 (25.2, 16.7)

P 5 .3279

214.6 (226.2,21.3)

P 5 .0336

2.7 (210.5, 17.9)

P 5 .6933

2.5 (210.9, 17.8)

P 5 .7246

6.4 (27.6, 22.6)

P 5 .3786

23.1 (29. 4)

P 5 .3

0.0 (26.3, 6.8)

P 5 .9947

20.2 (26.5, 6.6)

P 5 .9632

0.0 (26.3, 6.7)

P 5 .9999

EEG alpha

Fz-Cz (uV)*

6.8 (21.4, 15.7)

P 5 .1053

12.0 (3.1, 21.7)

P 5 .0087

7.3 (20.9, 16.2)

P 5 .0818

5.3 (22.8, 14.0)

P 5 .1987

5.8 (27.5, 21.0)

P 5 .4030

24.4 (216.5, 9.5)

P 5 .5065

3.1 (210.1, 18.3)

P 5 .6505

26.6 (218.4, 6.7)

P 5 .3051

4.0 (213 4.6)

P 5 .6

29.6 (225.2, 9.4)

P 5 .2909

25.3 (221.4, 14.1)

P 5 .5556

215.2 (229.3, 1.8)

P 5 .0759

Saccadic

inaccuracy

(%)

0.6 (20.2, 1.4)

P 5 .1224

0.0 (20.8, 0.8)

P 5 .9525

20.1 (20.9, 0.6)

P 5 .7196

0.3 (20.5, 1.1)

P 5 .4213

21.4 (22.7, 20.1)

P 5 .0311

1.3 (0.1, 2.6)

P 5 .0388

1.4 (0.0, 2.7)

P 5 .0474

0.8 (20.5, 2.0)

P 5 .2132

0.0 (20. 0)

P 5 .9

20.2 (21.2, 0.8)

P 5 .7336

0.5 (20.5, 1.5)

P 5 .3449

0.2 (20.7, 1.2)

P 5 .6470

Saccadic

reaction time

(ms)

24 (213, 5)

P 5 .4018

22 (212, 7)

P 5 .5871

23 (212, 6)

P 5 .4605

3 (26, 11)

P 5 .5707

24 (220, 11)

P 5 .5539

8 (26, 23)

P 5 .2495

3 (212, 18)

P 5 .6847

11 (24, 26)

P 5 .1466

211 (220 2)

P 5 .0

24 (13, 5)

P 5 .3548

12 (3, 22)

P 5 .0190

1 (28, 10)

P 5 .8674

Abbreviations: DPZ, donepezil; VVLT, Visual Verbal Learning Test.

*Back translated from log; effect parameter and 95% confidence intervals are presented; effect parameters represent differences compared to placebo e mated by the statistical model that includes random

factors for subject, time, subject by time and treatment, and adjusts for pre-values.
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Table 5

Pharmacokinetic parameters

Treatment Treatment group AUC0-t (ng∙hr$mL-1) Tmax (hr) Cmax (ng∙mL-1)

DZP 2.5 mg EVP-6124 placebo 1 DZP 2.5 mg 16.08 6 6.097 3.61 6 0.989 2.237 6 0.8462

EVP-6124 0.3 mg 1 DZP 2.5 mg 13.87 6 4.740 4.50 6 2.333 1.912 6 0.6547

EVP-6124 1 mg 1 DZP 2.5 mg 13.50 6 4.782 4.72 6 1.675 1.807 6 0.6085

EVP-6124 2 mg 1 DZP 2.5 mg 14.05 6 5.035 5.17 6 2.389 1.963 6 0.8078

DZP 5.0 mg EVP-6124 placebo 1 DZP 5 mg 41.51 6 21.780 4.30 6 2.359 6.035 6 2.997

EVP-6124 0.3 mg 1 DZP 5 mg 45.26 6 16.280 4.13 6 1.423 6.144 6 2.800

EVP-6124 1 mg 1 DZP 5 mg 37.68 6 13.740 3.90 6 0.879 5.284 6 1.6190

EVP-6124 2 mg 1 DZP 5 mg 43.52 6 13.810 3.50 6 0.737 5.424 6 1.5420

EVP-6124 0.3 mg DZP placebo 1 EVP-6124 0.3 mg 2474 6 572.4 5.82 6 0.939 281.2 6 70.48

DZP 2.5 mg 1 EVP-6124 0.3 mg 1781 6 347.2 5.81 6 1.008 205.0 6 39.21

DZP 5 mg 1 EVP-6124 0.3 mg 2176 6 723.0 5.79 6 0.88 249.6 6 81.94

EVP-6124 1 mg DZP placebo 1 EVP-6124 1 mg 7412 6 1379.0 5.61 6 0.672 852.6 6 153.50

DZP 2.5 mg 1 EVP-6124 1 mg 5760 6 1296.0 6.88 6 1.789 659.9 6 140.60

DZP 5 mg 1 EVP-6124 1 mg 6496 6 1907.0 5.71 6 1.270 773.5 6 198.80

EVP-6124 2 mg DZP placebo 1 EVP-6124 2 mg 14,600 6 3310.0 5.49 6 0.911 1671.0 6 360.20

DZP 2.5 mg 1 EVP-6124 2 mg 11,220 6 2002.0 5.92 6 1.35 1402.0 6 252.70

DZP 5 mg 1 EVP-6124 2 mg 12,920 6 4474.0 6.25 6 1.919 1493.0 6 447.10

EVP-6124 4 mg DZP placebo 1 EVP-6124 4 mg 27,960 6 5020.0 5.99 6 1.122 3249.00 6 680.200

NOTE. Means 6 SD are presented.

Abbreviation: DZP, donepezil.
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of scopolamine-induced effects was observed when both do-
nepezil and EVP-6124 were given at approximately 1/10th
of the dose at which each of the compounds alone fully
reversed the effects of scopolamine [8]. The present study
was designed to reproduce the synergistic effect in humans
observed in the animal model where subtherapeutic doses
of both EVP-6124 and donepezil did not lead to full reduc-
tion of scopolamine-induced cognitive deficits when given
alone but did lead to full reversal when coadministered.
However, this study did not demonstrate synergy between
donepezil and EVP-6124 when these drugs were given at
subtherapeutic dose levels.

The dose combinations of donepezil/EVP-6124 (5 mg/
2 mg) and donepezil/EVP-6124 5 mg/0.3 mg showed im-
provements of the delayed recall of the VVLT and reaction
time during the 2-back condition of the N-back, respectively.
It is important to note, however, that we should be reserved
in our considerations about these pharmacodynamic effects,
which most likely are standalone effects that are no prove of
synergy between donepezil and EVP-6124. Because of a
lacking dose response relationship, no conclusions should
be drawn about treatment efficacy of donepezil and EVP-
6124. In addition, we should keep in mind that this study
was exploratory in nature, aiming for the determination of
synergy between donepezil and EVP-6124, whereas the
exploration of pharmacodynamic effects was a secondary
objective of this study.

Synergy between donepezil and EVP-6124 was excluded
as pharmacokinetic parameters suggest that the pharmacoki-
netic profile of EVP-6124 did not affect the profile of done-
pezil and vice versa. If the donepezil/EVP-6124
combination in our study turned out to be synergistic of
origin, this would indicate that EVP-6124 in combination
with lower (subtherapeutic) dose levels of donepezil would
have been at least equally efficacious and could have led
to the prescription of lower dosages of donepezil in AD pa-
tients, with equal efficacy and fewer adverse events. There
are several possible explanations for our findings. First, the
dose of scopolamine could have been too high in the elderly
subjects in this study. The intravenous dose of 0.3 mg
scopolamine resulted in a mean Cmax of 3772.9 pg/ml and
an AUC0/inf 3431.3 pg*hr/ml, which is at least 25% higher
than reported in other studies in younger healthy subjects
[42,43]. In combination with slight age-related cholinergic
deficiency, this might have led to detrimental effects of
scopolamine on most of the cognitive tests. EVP-6124, do-
nepezil, or any combination did produce some reversal of
the scopolamine-induced cognitive deficits. However, subtle
effects might have been overshadowed by the robust scopol-
amine effects. Although other studies showed a decrease of
cognitive impairment due to the combination of donepezil
and EVP-6124 without use of the scopolamine challenge
model, it remains under debate whether the challenge model
was suitable to show the expected synergy in this study.
The scopolamine challenge test has been successfully used
in drug development to demonstrate the pharmacological
activity of cognition-enhancing compounds by reversal of
scopolamine-induced cognitive deficits in healthy volun-
teers [15,42–48]. Evidence also suggests that low
concentrations of scopolamine (0.3 mg subcutaneous) can
already induce a measurable significant decline in
visuomotor speed and spatial working memory in healthy
older people [15]. Altogether, the scopolamine challenge
model has the potential to show the expected synergistic ef-
fect in the elderly, but dose selection and dosage form
require careful reconsideration [49].
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Another reason for the lack of synergistic effect of do-
nepezil and EVP-6124 in this study might be insufficient
dosing of donepezil and/or EVP-6124. Although oral done-
pezil (5 mg) was previously demonstrated to reverse the ef-
fects of scopolamine (0.3 mg administered subcutaneously)
in healthy elderly volunteers [15], other studies only sug-
gest effects of donepezil at a higher dose of 10 mg or
when given in a paradigm where scopolamine is adminis-
tered subcutaneously to healthy elderly volunteers, which
could be expected to lead to lower Cmax [15,48]. The low
dose range of EVP-6124 in this study was obviously cho-
sen on purpose, as preclinical studies showed a synergistic
effect of donepezil and EVP-6124, when given at subther-
apeutic dosages. These studies also indicated that desensi-
tization would occur at higher doses [8–10]. In the present
study, only the two highest doses of 2 mg and 4 mg EVP-
6124 without coadministration of donepezil gave an
increased accuracy on the N-back task for working mem-
ory. When given together with donepezil, only the combi-
nation of the highest doses (EVP-6124 2 mg and donepezil
5 mg) led to an increased delayed recall on VVLT and
decrease in reaction time during N-back. These data
show no signs of desensitization.

The NeuroCart battery of CNS tests was sufficiently
sensitive to detect scopolamine-induced deficits in cogni-
tion and other CNS functions. Although both donepezil
and EVP-6124 alone and the combination of both com-
pounds did reduce the (cognitive) deficits induced by
scopolamine administration in some of the neurophysio-
logical and cognitive tests performed, an obvious reversal
of scopolamine effects was not observed. Overall, treat-
ment with subtherapeutic dose levels of donepezil and
EVP-6124, in combination with scopolamine, was well
tolerated in this study. Comparable to other studies inves-
tigating the combination of donepezil and EVP-6124,
98% experienced at least one adverse event of which the
majority was anticholinergic [15]. The three most
frequently reported adverse events (somnolence, dry
mouth, and dizziness) each occurred in 80% of subjects.
Most adverse events had an anticholinergic nature and
were therefore most likely related to the administration
of scopolamine.

In conclusion, although administration of EVP-6124
alone and donepezil alone led to some reduction of
scopolamine-induced effects in some of the measured phar-
macodynamic variables, there were no clear indications of
synergistic effects of EVP-6124 and donepezil in the scopol-
amine challenge model in healthy elderly subjects. With the
results of this study, an important step is taken toward the un-
derstanding of the synergic effects of AChEIs and nAChRs
for the treatment of AD patients. We believe that conducting
translational studies, wherein preclinical experiments are
adequately translated to humans, is highly relevant and
informative, for the treatment of AD patients and for knowl-
edge gaps with regard to translatability, for example, the use
of the scopolamine model.
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RESEARCH IN CONTEXT

1. Systematic review: The authors searched PubMed
and found that preclinical experiments have shown
a synergistic effect of the nicotinic acetylcholine re-
ceptor agonist EVP-6124 and donepezil in reducing
the deleterious effects of scopolamine on short-term
memory observed in rats using the Morris water
maze task. Full reversal of scopolamine-induced ef-
fects was observed when both donepezil and EVP-
6124 were given at subtherapeutic dose levels,
approximately 1/10th of the dose at which each of the
compounds alone fully reversed the scopolamine
effects.

2. Interpretation: With this study we aimed to repro-
duce the synergistic effect observed in the animal
model in healthy elderly subjects. Results demon-
strated that treatment with subtherapeutic dose levels
of donepezil and EVP-6124, in combination with
scopolamine, was well tolerated.

2. Future directions: While administration of EVP-
6124 alone and donepezil alone led to some reduc-
tion of scopolamine-induced effects in some of the
pharmacodynamic variables, this study shows no
indications of synergistic effects of EVP-6124 and
donepezil in the scopolamine challenge model in
healthy elderly subjects.
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