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ABSTRACT
Purpose The aims were to quantify the in vivo time-course
between the oral dose, the plasma and brain exposure and the
inhibitory effect on Amyloid β (Aβ) in brain and cerebrospinal
fluid, and to establish the correlation between in vitro and in vivo
potency of novel β-secretase (BACE1) inhibitors.
Methods BACE1-mediated inhibition of Aβ was quantified in
in vivo dose- and/or time-response studies and in vitro in SH-
SY5Y cells, N2A cells, and primary cortical neurons (PCN). An
indirect response model with inhibition on Aβ production rate
was used to estimate unbound in vivo IC50 in a population
pharmacokinetic-pharmacodynamic modeling approach.
Results Estimated in vivo inhibitory potencies varied between 1
and 1,000 nM. The turnover half-life of Aβ40 in brain was
predicted to be 0.5 h in mouse and 1 h in guinea pig. An excellent
correlation between PCN and in vivo potency was observed.
Moreover, a strong correlation in potency was found between
human SH-SY5Y cells and mouse PCN, being 4.5-fold larger in
SH-SY5Y cells.
Conclusion The strong in vivo-in vitro correlation increased the
confidence in using human cell lines for screening and optimization
of BACE1 inhibitors. This can optimize the design and reduce the
number of preclinical in vivo effect studies.

KEY WORDS Alzheimer’s disease . amyloidβ peptide . brain .
cerebrospinal fluid .pharmacokinetic-pharmacodynamicmodeling

ABBREVIATIONS
AD Alzheimer’s disease
APP Amyloid precursor protein
Aβ Amyloid β peptide
BACE1 β-site APP-cleaving enzyme 1
CSF Cerebrospinal fluid
CV Coefficient of variation
PCN Primary cortical neurons
sAPPβ Soluble N terminal fragment of APP

INTRODUCTION

Alzheimer’s disease (AD) is a devastating progressive disease
with gradual cognitive decline including memory loss, person-
ality changes, and difficulties in performing routine tasks (1–3).
The pathological hallmarks of AD are extracellular amyloid
plaques and intracellular neurofibrillary tangles, neurode-
generation and brain atrophy. A growing body of pathological,
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biomarker, genetic, and mechanistic data suggests that amyloid
β (Aβ) amyloidosis, and the subsequent deposition of Aβ in
plaques, play a key role in the pathogenesis of AD (4–7).
Strong genetic evidence has been reported for a connection
between the amyloid precursor protein (APP), Aβ and AD.
People with a duplication of the APP gene or a mutation in
presenilin, a component of the γ-secretase enzyme complex,
develop AD 10–15 years earlier than non-carriers (5,7,8).

Aβ variants, such as Aβ40 and Aβ42, are produced by
sequential cleavage of the APP by β- and γ-secretase, with
Aβ42 appearing most pathogenic (9–12). β- or γ-secretase
inhibitors and γ-secretase modulators can lower central
Aβ40 and Aβ42 levels. For this reason, these are pursued as
potential disease-modifying treatments for AD (13). To date,
γ-secretase inhibition has been the most studied mechanism
for reducing Aβ in clinical trials. However, so far no thera-
peutic success, in the form of slowing cognitive decline, has
been demonstrated (6,13–15). The underlying reason for fail-
ure could have been the marginal lowering of central Aβ in
these trials (16). The validity of the amyloid-lowering hypoth-
esis can only be tested with drugs that substantially lower Aβ
over the dosing interval (16).

The β-secretase enzyme is a promising target for reducing
brain Aβ. Two homologues of the transmembrane aspartic
protease β-secretase are known: BACE1 and BACE2 (17–21).
BACE1 has been suggested to be the rate-limiting step in the
production of Aβ (22). BACE1 protein levels and activity are
up-regulated in brains of patients with sporadic AD (23).
Moreover, APP that carries the Swedish mutation has a
higher affinity for BACE1, with an increased Aβ formation
and early onset of AD (19,24). In contrast, an APP mutation
(APPA673T) with reduced affinity to BACE1 seems to protect
against AD (25). In addition, BACE1 is required for the
development of age-associated plaque pathology (26).

Drug-induced BACE1 inhibition, with a reduction in
sAPPβ and/or Aβ40/42, has been reported in wild-type mice
(27–30), transgenic mice (30–36), rats (37–39), guinea pigs
(29,40), and non-human primates (29,41). Plasma, brain,
and cerebrospinal fluid (CSF) Aβ levels have been reported
in these species which allowed for exploration of the relation-
ship between these three compartments. Reduced sAPPβ and
Aβ in plasma and CSF have been demonstrated in human
through BACE1 inhibition which was correlated to observa-
tions in preclinical species (42). Taken together, Aβ40, Aβ42,
and sAPPβ are well-documented biomarkers for target en-
gagement of BACE1 inhibitors, both in animals and in
humans.

A quantitative understanding of in vivo target engagement
and the animal-human correlation are essential to the confi-
dent selection of a new chemical entity that could reduce
human Aβ levels enough to test the amyloid hypothesis (16).
BACE1 inhibitors can be screened in vitro with a relatively
simple biochemistry assay, consisting of a solution with

substrate and enzyme (43). In cells, BACE1 inhibition can
be monitored by reducing secretion of sAPPβ by wild-type
SH-SY5Y, and Aβ40 by N2A cells into the medium (29,43).
Moreover, inhibition of Aβ secretion can also be studied in
cultures of primary cortical neurons (16). Differences regard-
ing potency may occur between the different in vitro assays, not
only due to sequence and expression variations in target and
substrate, but also due to differences in the compounds’ ability
to reach the target.

The first aim of this investigation was to quantify the in vivo
time-course between exposure and Aβ effect of oral dosing by
novel BACE1 inhibitors in mouse and guinea pig. A popula-
tion pharmacokinetic-pharmacodynamic (PKPD) approach
was used for a simultaneous analysis of all in vivo time-course
data of multiple compounds. This allowed for quantification
of system-specific parameters (turnover-rate of Aβ and Imax),
separately from compound-specific parameters (PK and po-
tency). The second aim was to assess the correlation between
in vitro and in vivo potency. The in vivo IC50 was correlated to
the in vitro potency from primary cortical neurons. In a third
step, the correlation of potency in various in vitro assays was
investigated. The findings in this paper support the under-
standing of the translatability between in vitro assays and in vivo
models, and between different species. This conceptual ap-
proach aims to support optimization of the screening cascade
for novel BACE1 inhibitors via a change in the design and a
reduced number of in vivo studies.

MATERIALS AND METHODS

Drugs and Chemicals

The BACE1 inhibitors were synthesized internally at the
Department of Medicinal Chemistry, AstraZeneca in
Södertälje, Sweden. All chemicals were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). A number of the
new chemical entities reported in this paper have recently
been published in the scientific or patent literature and are
referred to in Table I (28,29,40).

Animals and Animal Handling

Rodent experiments were performed in accordance with rel-
evant guidelines and regulations provided by the Swedish
Board of Agriculture. The ethical permissions were provided
by an ethical board specialized in animal experimentations
(Stockholm North Animal Research ethical Board). All com-
pounds were administered per oral in solutions with the fast
majority consisting of 5% dimethylacetamide (DMA) and
20% hydroxypropyl-β-cyclodextrin (HPβCD) in 0.3 M
Gluconic acid (pH 3).
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Mouse In Vivo Experiments

Female C57BL/6 mice (Harlan Laboratories, The
Netherlands) were randomized into different cages upon ar-
rival. They were kept in conventional housing and were fed
standard rodent chow and tap water ad libitum . The mice were
acclimatized over a period of at least 7 days prior to study
start. Before administration of the drug mice were weighed to
calculate the dose volume, after which the vehicle or com-
pound solution was administered as a single dose by oral

gavage. Eleven compounds were run in a time-response de-
sign and 21 compounds in a dose–response design. One dose
at a single time point typically included 6 compound treated
animals and time-matched with 6 vehicle treated mice. A
study consisted of a maximum of 36 mice per study. Blood
was withdrawn from mice by heart puncture under isoflurane
anesthesia into pre-chilled microtainer tubes containing
EDTA. Blood samples were immediately put on ice prior to
centrifugation. Plasma was prepared by centrifugation for
10 min (3,000×g at 4°C) within 20 min from sampling. The

Table I Population Parameter Estimates for in vivo IC50 in Mouse Based on Unbound Brain Concentrations, and In Vitro IC50 in Primary Cortical Neurons, SH-SY5Y
Cells andN2ACells (± standard deviation), as well as Plasma Protein (PPB) and Brain Tissue Binding. In Vivo IC50 Estimates are Presentedwith Relative Error of theMean
(REM). TR = Time/dose Response Data, DR = Dose Response Data Available Only

Compound Experimental design IC50 in vivo IC50 mouse primary neurons IC50 SH-SY5Y cell line IC50 N2A cells Mouse PPB Brain Tissue Binding
(nM) (nM) (nM) (nM) (% free) (% free)

1a TR 76 (17%) 28±13 24±11 39 12 8.3

2b TR 247 (12%) 51±16 17±4 32 2.7 7.9

3c TR 3.9 (10%) 2.7±0.8 0.2±0.2 0.6 1.5 1.0

4d TR 99 (11%) 53±57 8.6±4.3 49 11 4.6

5 TR 72 (13%) 34±18 12±4 23 9.8 3.7

6e TR 121 (11%) 64±38 8.3±2.6 82 8.9 8.8

7 DR 261 (9.1%) 360±139 29±10 4.1 2.7

8f TR 173 (10%) 204±21 22±5 4.4 2.6

9 DR 3.9 (32%) 4.0±0.1 2.2±0.3 0.6 0.53

10 DR 64 (14%) 71±10 11±4 3.1 1.1

11 DR 159 (11%) 302±138 33±13 7.1 2.2

12 DR 12 (24%) 10±2 <1 10 6.8

13 DR 189 (22%) 98±31 12±10 2.3 1.6

14 DR 1130 (15%) 904±587 121±112 8.4 19

15g DR 64 (24%) 30±4 11±2 52 16

16h DR 6.7 (23%) 40±6 2.9±0.3 9.6 1.1

17i DR 470 (16%) 183±107 49±26 16 9.8

18 DR 227 (16%) 140±23 13±17 5.4 1.7

19 DR 56 (15%) 10±11 5.1±0.2 6.1 1.7

20 DR 99 (19%) 70±5 8.0±5.1 4.5 1.5

21 DR 474 (23%) 36±2 24±3 19 9.5

22 DR 111 (52%) 22±5 4.9±1.5 5.8 1.7

23 DR 92 (18%) 163±12 26±0.4 88 4.1 1.6

24 DR 962 (16%) 245±238 81±20 15 12

25j DR 244 (13%) 127±4 59±29 138 4.2 2.0

26 DR 375 (15%) 120±84 124±1 11 6.0

27 DR 240 (15%) 110±78 39±6 2.9 5.1

28 TR 508 (14%) 299±93 46±7 31 10

29 TR 226 (13%) 129±13 48±3 14 3.9

30k TR 11 (7.7%) 3.4±5.3 0.8±0.3 1.8 1.8 0.6

31 DR 169 (27%) 258±22 34±7 5.9 2.7

32 TR 28 (10%) 31±6 2.7±0.5 9.3 6.4 1.9

Compounds published elsewhere with 1: compounds as published in (40); 2: compound code as published in (28) and 3 as published in (29); a 1; b 2:S-32, 3;
c 2:R-41; d 2:S-16; e 2:S-25; f 2:S-10; g 2:37; h 2:35; i 1; j 2:R-20; k 1: R-19
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recovered plasma was collected and frozen. After blood sam-
pling, mice were sacrificed by decapitation followed by brain
samples collection. Cerebellum and olfactory bulbs were re-
moved and forebrain was divided into left and right hemi-
spheres. The hemispheres were weighed and snap-frozen.

Guinea Pig In Vivo Experiments

Male albino Dunkin-Hartley guinea pigs (HB Lidköpings
Kaninfarm, Sweden) were randomized into different cages
on arrival. They were kept in conventional housing and were
fed standard guinea pig chow and tap water ad libitum . The
guinea pigs were acclimatized over a period of at least 7 days
prior to study start. Before administration of drug or vehicle
the guinea pigs were weighed to calculate administration
volume and a single dose was orally administered. Typically,
a dose- and time-point included 8 compound-treated animals,
matched with 8 vehicle-treated animals. Three compounds
were run in a time-response design and one compound in a
dose–response design. CSF sampling was performed from the
cisternamagna by puncturing the atlanto-occipital membrane
using a small cannula under isoflurane anesthesia. The sample
was then centrifuged for 1 min at approximately 3,000×g at
4°C. The CSF supernatant was collected and snap-frozen.
Immediately after the CSF sampling, blood was collected by
heart puncture into pre-chilled microtainer tubes containing
EDTA. Blood samples were immediately put on ice prior to
centrifugation. Plasma was prepared by centrifugation for
10 min at approximately 3,000g at 4°C within 20 min from
sampling. The recovered plasma was collected and immedi-
ately frozen. After blood sampling, the animals were sacrificed
by decapitation and brains were dissected. Cerebellum and
olfactory bulbs were removed and cerebrum was divided into
left and right hemispheres. Immediately after isolation, hemi-
spheres were weighed and snap-frozen.

Aβ Measurement of In Vivo Plasma, CSF and Brain
Samples

Brain tissues were homogenized/sonicated in 1:18 (w/v) (1:20
for guinea pig) 0.2% diethylamine (DEA) with 50 mM NaCl,
followed by ultracentrifugation. Recovered supernatants (sol-
uble Aβ) were neutralized to pH 8.0 with 2 M Tris–HCl. For
the mouse samples, Aβ40 levels in DEA brain extracts and
Aβ40 levels in plasma were analyzed using a commercial Aβ1-
40 Enzyme-Linked-Immuno-Sorbent Assay (ELISA) kit
(#KMB3481, Invitrogen, Camarillo, CA). For the guinea
pig samples, Aβ40 and Aβ42 levels in DEA brain extracts,
CSF and plasma were analyzed using commercial Aβ1-40
(#KHB3482, Invitrogen, Camarillo, CA) and Aβ1-42
(#80177 RUO, Innogenetics, Gent, Belgium) ELISA kits.
The lower limit of quantification (LLOQ) was determined
for each immunoassay plate based on the lowest standard

point with CV <20% and an accuracy (back-calculated con-
centrations) of 80–120%.

Plasma and Brain Exposure Analysis

Plasma samples and standards were precipitated with aceto-
nitrile containing internal standard. After centrifugation, su-
pernatant was transferred to a new 96-well plate, diluted with
mobile phase, and injected on the LC/MS/MS system (43).
Frozen mouse brains were weighed and ice-cold Ringer solu-
tion (2 volumes per weight) was added. Brains were sonicated
using a Multi-element probe SONICS VCX 500 (Newtown,
CT, USA). To 50 μL homogenized tissue 150 μL ice-cold
acetonitrile containing an internal standard was added in a
precipitation plate (96-well PP-plate, Waters, Milford, MA,
USA). After mixing and centrifugation (4°C, 4,000 rpm,
20 min), supernatant was transferred to an analysis plate
(PP-plate, Waters) and analyzed by LC/MS/MS (44). Since
brains were not perfused prior to exposure analysis, a volume
of 1.3% of blood in brain and the concentration of compound
in plasma were used to calculate the brain concentration
(45,46). The free concentration of compound in plasma and
brain was calculated using the plasma protein and brain tissue
binding data, respectively (see below).

Brain Tissue Binding

The fraction of unbound concentrations in brain was deter-
mined in a rat brain slice uptake method (47,48). In short,
male Sprague–Dawley rats were decapitated under isoflurane
anesthesia. The brain was immersed in ice-cold oxygenated
extracellular fluid (ECF) buffer. Coronal slices (300 μm) of the
striatal area were pre-incubated in 10 mL ECF buffer for
5 min at 37°C followed by incubation with 1 μM compound
in ECF buffer (5 h at 37°C under 5% CO2 in oxygen). After
incubation, the brain slices were weighed and homogenized in
9 volumes (w/v) of ECF buffer with a sonicator. The slice
homogenates and ECF buffer were stored at −20°C prior to
analysis. To 50 μL homogenised tissue 150 μL ice-cold ace-
tonitrile containing an internal standard was added in a pre-
cipitation plate. After mixing and centrifugation (4°C,
4,000 rpm, 20 min), the supernatant was transferred to the
analysis plate and analyzed by LC/MS/MS.

Plasma Protein Binding

Equilibrium dialysis with an in-house equilibrium dialysis
plate was used to determine the fraction unbound in female
C57BL/6 mouse and male Dunkin-Hartley guinea pig plas-
ma. Dialysis of 10 μmol/L compound in plasma was
performed against phosphate buffered saline. A reference
plasma sample with compound was stored in the freezer
overnight. After incubation for 18 h at 37°C on a shaking
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table, aliquots of the plasma and buffer samples were trans-
ferred from the dialysis plate to Waters deep 96-cell plates
with glass inserts. All samples were precipitated with three
volumes of ice-cold acetonitrile containing internal standard,
followed by 10 min of shaking. Samples were centrifuged at
4,000 rpm, 4°C for 20 min, and supernatants were analyzed
by LC-MS/MS.

SH-SY5Y Cell Assay

SH-SY5Y cells (human neuroblastoma cell line) were
obtained from ATCC (Manassas, VA, USA) and cultured in
DMEM/F-12 with Glutamax, 10% fetal calf serum and 1%
non-essential amino acids. The test compound was incubated
with cells for 16 h at 37°C, 5%CO2 at a final concentration of
1% DMSO. Meso Scale Discovery (MSD; Gaithersburg,
MD, USA) plates were used for the detection of sAPPβ re-
lease. MSD sAPPβ plates were blocked in 3% BSA in Tris
wash buffer for 1 h at room temperature (RT) and washed in
Tris buffer. 20 μL medium was transferred to the 384-well
microplate, incubated at RT for 2 h followed by washing with
Tris buffer. 10 μL detection antibody was added (1 nM)
followed by incubation at RT for 2 h followed by washing
with Tris buffer. 40 μL Read Buffer was added and the plates
were read in a SECTOR Imager 6000 (MSD). In addition,
the cells incubated with test compound were analyzed for any
cytotoxic effects of the compounds using the ViaLightTMPlus
cell proliferation/cytotoxicity kit (Cambrex BioScience
Rockland, Maine, USA) according to the manufacturer’s
instructions. Reported values were means of n ≥2 determina-
tions, standard deviation ≤10%.

Neuro-2a Cells

Mouse Neuro-2a (N2A) cells were grown in medium (10%
Foetal Bovine Serum (Sigma-Aldrich), 1% 10mMHepes, 1%
MEM-NEAA and 88%MEMwithGlutamax (all InVitrogen,
Camarillo, CA, USA), seeded at a density of 40,000 cells/
100 μL/well into 96-well tissue culture treated plates (Costar,
Corning, Tewksbury, MA, USA) and incubated for 24 h at
37°C and 5% CO2. At the following day the medium was
changed to 100 μl medium containing compounds with a final
concentration of 1% DMSO and plates were incubated for
18 h at 37°C and 5% CO2. The amount of released Aβ into
the culture medium was measured using a solid phase sand-
wich ELISA fromMSD. Briefly, cell medium was transferred
to MSD triplex plates with Aβ38, Aβ40 and Aβ42 capture
antibodies. Primary sulfo-tagged detection antibody specific
for the N-terminus of Aβ (4G8) was added and the plate was
incubated over night at 4°C. The plate was processed
according to the manufacturer’s instructions and read on a
Sector Imager 6000 (MSD). Aβ40 concentration in medium
was analyzed using a Biosource ELISA kit KMB3481

(Invitrogen) at RT. Samples were incubated for 2 h followed
by a wash. Thereafter, each well was incubated with 100 μL
anti-Aβ40 for 1 h followed by washing. Subsequently, 100 μL
of ant-rabbit IgG-HRP was added and incubated for 30 min
followed by washing. This was followed by the addition of
100 μl stabilized chromogen to each well. The strips were
incubated for up to 30 min in the dark, followed by the
addition of 100 μL stop solution to each well, and were then
read within 2 h in a SpectraMax (Molecular Devices,
Sunnyvale, CA, USA) at 450 nm.

Mouse and Guinea Pig Primary Cortical Neurons

Primary cortical cells from foetal C57BL/6mice at embryonic
day 16 or from foetal Dunkin-Hartley guinea pigs embryonic
25–27 day were isolated. The cortices were collected in warm
calcium and magnesium free Earle’s Balanced Salt Solution
(CMF-EBSS) containing 0.25% trypsin and 2 U/ml DNAse.
After 1 h at +37°C and 5%CO2, the trypsin/DNAse solution
was removed and the cortices were washed 3 times in warm
CMF-EBSS. Fresh CMF-EBSS was added to 10-15 ml and
the cortices were gently triturated with flame polished pipettes
to separate the cells. The cell solution was transferred to a
50 ml Falcon tub containing medium (10% HamsF12; 10%
Foetal Bovine Serum; 1% 10 mM Hepes; 1% 2 mM L-
Glutamine; 0.5% 50 U/0.5 mg Penicillin-Streptomycin and
77.5% DMEM w/4.5 g/L-Glucose), and filtered through a
Cell Strainer 100 μm (BD Falcon, Fisher Scientific, Göteborg,
Sweden) to remove clumps. Cells were plated onto 96-well
poly-D-lysine coated plates at a density of 200,000 cells/
200 μl/well. After 5 days in culture, the medium was ex-
changed to 50 μl (for Aβ42 measurements) or 100 μl (for
Aβ40 measurements) medium containing compounds with a
final concentration of 1%DMSO, incubated for 16 h at 37°C
and 5% CO2. The amount of released Aβ in culture medium
was measured using a solid phase sandwich ELISA for cells
from C57BL/6 mice (mouse βAmyloid 1–40, KMB3481,
Invitrogen) and for guinea pig neurons (human βAmyloid 1–
40, INNOTEST 80177, Innogenetics, Gent, Belgium)
according to manufacturer’s instructions. The absorbance of
each well was read at 450 nm (SpectraMax) within 2 h after
adding stop solution. The cytotoxic effect of compounds was
directly evaluated on the cell plates utilizing a commercial cell
proliferation/cytotoxicity kit based on luciferase reaction on
ATP released by lyzed cells.

Pharmacokinetic-Pharmacodynamic Analysis

Aβ levels in brain and plasma were normalized to control
levels and expressed as percentage change of the mean Aβ
levels in the vehicle group, obtained from animals sacrificed at
the same time point after dose in the same experiment. A total
of 32 compounds inmice and 4 compounds in guinea pig were
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tested in single dose, dose- and/or time-response (DR and/or
TR) studies (Tables I and II, and Supplementary Material 1). In
total, data from 829 mice and 186 guinea pigs on active treat-
ment were included in the population analysis to assess the
PKPD properties of the compounds. For the compounds tested
in a time-response design, the relationship between brain expo-
sure and plasma exposure was explored. A linear correlation was
observed for these compounds. This relationship could not be
explored for the compounds studied in a dose–response design.
Therefore, the observed free brain or plasma concentration
values were used as drivers for the effect in the modeling proce-
dures. In this way, it was avoided tomake any assumptions on the
PK profile and brain distribution.

Simultaneous population modeling of all in vivo data per
species was performed using an indirect response model with
inhibition on the production rate (49) to estimate the unbound
brain concentration giving 50% inhibition (IC50) and turn-
over rate of Aβ.

d Aβð Þ
dt

¼ kin⋅Drug−kout ð1Þ

Drug ¼ 1−
Imax⋅Cn

ICn
50 þ Cn

� �
ð2Þ

where kin and kout represent production and turnover of Aβ,
respectively, Imax was the maximum drug-induced Aβ inhibition,
C was the compound concentration and n was the sigmoidicity
factor. kout and Imax were estimated jointly for all compounds as
system-specific parameters. In contrast, the IC50 was estimated as
a compound-specific parameter. Not for all compounds sufficient
pharmacokinetic information was available; therefore the ob-
served concentration of the compound in brain was used to
estimate its IC50 on brain Aβ levels. In the PKPD analysis of
CSF Aβ levels, the observed unbound concentration of the
compound in plasma was used. To avoid Imax estimates to
become larger than 1, it was defined following Eq. 3 in the
guinea pig analysis of brain Aβ40.

Imax ¼ eTheta 1ð Þ

1þ eTheta 1ð Þ

� �
ð3Þ

Proportional and/or additive error models were investigat-
ed and selected based on minimum value of the objective
function (MVOF). All population modeling was performed
by a population approach using NONMEM software
(Version 7.1.0, ICON Development Solutions, Hanover,
MD).

In the in vitro data analysis, individual Aβ or sAPPβ obser-
vations were used and the test concentration was directly
linked to the response using Eq. 2. For the visual representa-
tion of compound 5 and 1 (Figs. 1 and 2) PK and PKPD
graphs, the PK parameters (absorption rate constant, clear-
ance and volume) were estimated from the plasma or brain
concentration data using WinNonlin (Version 5.2, Pharsight
Co., Mountain View, CA, USA) using a 1-compartment
model. Simulations, using the estimated PK parameters and
the appropriate population modeling outcome, were carried
out using Berkeley Madonna (Version 8.3.11, University of
California, Berkeley, CA, USA). Prediction intervals were
calculated using 1,000 runs in the Euler’s method in
Berkeley Madonna entering compound exposure and popu-
lation effect and error estimates into the model. In vitro-in vivo
correlations were evaluated using the Pearson’s correlation
coefficient.

RESULTS

Modeling of Brain Aβ40 in Mouse

All in vivo tested BACE1 inhibitors exhibited concentration-
and time-dependent lowering of plasma and brain Aβ40
levels. Compound 5 is shown in Fig. 1 as an example in mice.
After an oral dose of 50, 75, 100 or 300 μmol/kg, the plasma
exposure increased more than linear with increased dose
(Fig. 1a). The PK profiles were fit simultaneously. The best
fit was obtained with a one-compartment model with an
absorption rate constant of 0.89 h−1 (CV 6.5%), apparent
clearance 12.6 L/h/kg (CV 12%) and apparent volume
5.5 L/kg (CV 39%) allowing for a dose-dependent relative
bioavailability with 2.7-fold increase in exposure when the
dose was doubled. While the maximum concentration in

Table II Population Parameter Estimates for In Vivo IC50 in Guinea Pig Based on Unbound Brain Concentrations, and In Vitro IC50 in Primary Cortical Neurons
and SH-SY5Y Cells as well as Plasma Protein (PPB) and Brain Tissue Binding. In Vivo IC50 Estimates are Presented with Relative Error of the Mean (REM). TR=
Time/Dose Response Data, DR=Dose Response Data Available Only

Compound Experimental design IC50 guinea pig in vivo IC50 guinea pig primary neurons IC50 SH-SY5Y cell line Guinea pig PPB Brain Tissue Binding
(nM) (nM) (nM) (% free) (% free)

1 TR 59 (25%) 12±11 24±11 18 8.3

2 TR 107 (7.0%) 25±13 17±4 16 7.9

3 TR 0.92 (12%) 2.0±1.3 0.2±0.2 0.87 1.0

4 DR 51 (17%) 22±14 8.6±4.3 19 4.6
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plasma was observed at 30 min after dose, the model-
predicted maximum concentration was at 40 min after dose.
The ratio between unbound plasma and brain concentration
relationship was 0.15 and linear for all time-points and doses
(Fig. 1b).

While themaximum plasma concentration was observed at
0.5 h after the dose, maximum effect on Aβ40 in brain
(relative to vehicle levels) was observed at 1.5 h, indicating a
delay in effect (Fig. 1c). This delay in effect was clearly visible
by the appearance of a hysteresis loop in the brain Aβ40 versus
unbound brain concentration (Fig. 1d). Population in vivo

potency parameter estimates in mice are listed in Table I,
and the population estimates for the system-specific parame-
ters are listed in Table III. The value of kout for brain Aβ40was
estimated at 1.5 h−1, which corresponds to a turnover half-life
of 28 min. The maximum inhibition of Aβ40 was estimated at
85%. The inclusion of a slope factor n did not improve the
estimates and was therefore fixed to 1. To evaluate the
goodness-of-fit, the variability on the population estimates

was used to explore the 95% prediction interval, by simulation
of 1,000 runs at doses 50 and 100 μmol/kg and calculation of
its mean and interval using the PK and PD parameter esti-
mates. The results are shown in Fig. 1e.

Goodness-of-fit plots are shown in Fig. 3a and b. A clear
correlation between observed and predicted was present (R=
0.73, P<0.01). The goodness-of-fit was also evaluated by
plotting the conditional weighted residuals (CWRES) versus
time. The CWRES were balanced around 0 with a deviation
at 6 and 24 h (Fig. 3b), but in both cases 0 was included in the
95% confidence interval (CI, 6 h–0.5–2.8 and 24 h–0.2–1.7).
4.7% of observations had a CWRES outside the ±1.96
window.

Modeling of Brain and CSF Aβ40 in Guinea Pig

Four compounds were evaluated in vivo in male Dunkin Harley
guinea pig. Three compounds included both time- and dose–
response data, one of which is shown as an example in Fig. 2.
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Fig. 1 Compound 5 dosed at 50
(diamonds), 75 (squares), 100
(triangles) or 300 (circles) μmol/kg
p.o. to female C57BL/6 mice at t=
0. (a) Mean ± SD observed and
fitted by naïve pooled analysis in
WinNonlin plasma exposure. (b )
Unbound plasma versus unbound
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Individual time versus Aβ40 in brain
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Compound 1 was orally administered at doses 50, 100 and
200 μmol/kg. Exposure in plasma was fitted simultaneously for
these doses. A dose-dependent absorption was allowed to ac-
count for the dose-dependent exposure. A 4-fold increase in
exposure was observed between doses 50 and 100 μmol/kg

while doubling the dose. A one-compartment PK model fitted
the data best, with an apparent clearance 6.8 L/h/kg (CV
14%), apparent volume 4.7 L/kg (CV 61%) and absorption
rate constant of 1.0 h−1 (CV 35%). The plasma exposure
reached Cmax at around 1 h after the dose (Fig. 2a). The
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relationship between unbound plasma and brain concentration
was linear with a ratio of 0.33 for all time points and doses
(Fig. 2b).

Population parameter estimates for in vivo potency are
listed in Table II, and the population estimates for the
system-specific parameters are listed in Table III. The inclu-
sion of a slope factor n did not improve the estimates and was
therefore fixed to 1. In Fig. 2c and d the mean ± SD

observations are shown with the population fit. A clear hys-
teresis loop was observed. The turnover half-life was estimated
around 1 h for brain Aβ40 and brain Aβ42. This was inde-
pendent of using plasma or brain concentration in the analy-
sis. The turnover half-life of Aβ40 in CSF was almost 2 h
(Table III). The 95% prediction intervals were explored by
simulation of 1,000 runs and the variability of the population
estimates and are shown together with the individual obser-
vations for the 50 and 100 μmol/kg doses for brain Aβ40,
brain Aβ42 and CSF Aβ40 in Fig. 2e, f and g, respectively.
The goodness-of-fit of the population analysis of brain expo-
sure versus brain Aβ40 was evaluated in Fig. 3c (R=0.70, P<
0.01) and d. The conditional weighted residuals (CWRES)
versus time were concentrated around the 0 line (Fig. 3d)
similarly to the mouse data analysis.

In Vitro Correlations

Guinea pig primary cortical neurons (PCN) were successfully
isolated and cultured as shown in Fig. 4a. In mice a PCN
isolation and culture method was already available which
allowed evaluation of the suitability of the mouse N2A cell
line for screening purposes. Compounds with a wide range of
potency were tested in our in vitro systems. In mouse and
guinea pig PCN and in the N2A mouse cell line our BACE1
inhibitors displayed a concentration dependent inhibition of
Aβ release, exemplified with compound 5 in mouse PCN

Table III Population System Parameter Estimates in Mouse and Guinea Pig
with the Relative Error of the Mean (%)

Imax

(%)
kout
(h−1)

T1/2 kout
(min)

Mouse

Aβ40 in brain vs unbound brain
exposure

85 (3%) 1.5 (7%) 28

Guinea pig

Aβ40 in brain vs unbound brain
exposure

100a 0.7 (4%) 60

Aβ42 in brain vs unbound brain
exposure

83 (15%) 0.6 (23%) 69

Aβ40 in brain vs unbound plasma
exposure

100 (7%) 0.6 (9%) 65

Aβ40 in CSF vs unbound plasma
exposure

100 (16%) 0.4 (22%) 115

a Value indirectly estimated using Eq. 3

a b

c d
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(Fig. 4b) and compound 1 in guinea pig PCN (Fig. 4c). A near
1:1 correlation was observed for the IC50s determined in the
N2A cell line and in mouse PCN (Fig. 5a) for 25 compounds,
demonstrating no shift between a cell-line and a primary
culture of the same species. Potency in human SH-SY5Y cells
was strongly correlated to potency in mouse (n=73) and
guinea pig (n=25) PCN with a similar 4.5-fold lower IC50

value observed in the SH-SY5Y cells (Fig. 5b). For compounds
dosed in vivo the in vitro IC50 values are presented in Tables I
and II.

In Vitro -In Vivo Correlations

IC50 values from in vitro PCN and estimated IC50s from the
population analysis in vivo were compared. There was a clear
correlation between the IC50 to inhibit Aβ40 release in PCN
cells in vitro and the IC50 estimated free brain concentration
in vivo both for mouse and guinea pig (Fig. 6). The mouse time
response data had a correlation coefficient R of 0.85 (n=10, P
<0.01) and the dose response of 0.72 (n=22, P<0.01), indi-
cating a clear linear relationship. Due to the limited

number of guinea pig data points, no statistical analysis
was reported.

DISCUSSION

In the present paper, a population modeling approach was
used to quantify the compound-specific in vivo potencies of
BACE1 inhibitors, as well as the system-specific Aβ turnover
rate. The turnover half-life of Aβ40 in brain was 0.5 h in
mouse and 1 h in guinea pig. For CSF, the turnover half-life of
Aβ40 was 2 h. A good correlation was observed between
in vitro potency in primary cortical neurons (PCN) and in vivo

unbound brain potency. For the mouse in vitro assays, a clear
correlation was found between potency in N2A cells and
PCN. In addition, a constant 4.5-fold higher potency was
found, when comparing, over a wide concentration range,
the potency in a human cell line to the potency in PCN.

The amyloid hypothesis is central for BACE1 involvement
in AD. New chemical entities are often tested in wild-type
mice and/or transgenic mouse models that over-express hu-
man APP (31). Asai et al. (50) performed intra-hippocampal
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pig primary cortical neurons in
culture. (b ) Normalized secreted
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compound 5 in medium of mouse
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Normalized secreted Aβ40 levels
versus concentration of compound
1 in medium of guinea pig primary
cortical neurons.
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injection as a proof of concept of BACE1 inhibition in wild
type mice. Two doses of the drug reduced the Aβ levels in
brain. Unfortunately, no time-response or exposure informa-
tion was reported. Nishitomi et al. (27) demonstrated BACE1
inhibition in wild type mice with significant reduction of Aβ40
levels in brain, but without reporting exposure levels or a time-
response profile. Our work demonstrated that modeling of
concentration-effect data, while taking the Aβ turnover rate
and the unbound brain fraction into account, allowed for the
estimation of the potency in the brain. Our findings are in
agreement with two previous BACE1 inhibition time-
response studies that reported a turnover-rate of brain Aβ in
wild type mice of 0.5 h (28,29). In clinical development, Aβ
reduction in CSF is the central read-out to monitor BACE1
target engagement. Niva et al. (16) demonstrated that Aβ
effects in animal brain were relatively good predictors of
human Aβ response in CSF (and putatively in brain). CSF

sampling has been reported in mice, making mice an ade-
quate in vivo model to study CSF and brain effect (51).
Lowering of CSF and brain Aβ by BACE1 inhibition has
been reported in guinea pig after repeated doses (52), and,
more recently, also in time-response studies after a single dose
(28,29,40). In a study with AZD3839, the turnover half-life of
Aβ40 was estimated to be around 1 h in brain and 44 min in
CSF, which is slightly faster than the population estimates
reported in this paper (29). However, in this paper, the results
of many combined experiments may have increased the ac-
curacy of the turnover estimate. The turnover rate of Aβ is a
system-specific parameter, and therefore should be constant
within a species and within a compartment (CSF, brain,
plasma). Understanding the turnover rate of Aβ in each spe-
cies and each compartment allows for interspecies translation.
When the system-specific parameters have been established,
there is no need to re-assess them in each future in vivo exper-
iment. Analysis of dose–response experiments can be sufficient
to estimate potency, as long as the prior estimated system
parameters are taken into account. Interestingly, in a recent
investigation, an interspecies relationship between body
weight and turnover rate for Aβ in the CSF was demonstrated
(53). This allometric relationship is in accordance to the
compound- and system-specific concepts in mechanism-
based modeling approaches (54,55). In vitro cultured PCN
have been widely used to determine potency of BACE1 inhi-
bition in a number of species such as mouse (27), rat (56), and
guinea pig (16,29). It was shown that in vitro guinea pig
primary brain cells produced APP, and that Aβ was secreted
into the medium (57). To our knowledge, the work described
in this paper demonstrates for the first time that cultured
guinea pig PCN were used to screen BACE1 inhibitors in a
reproducible manner over a wide range of potencies. The
mouse and guinea pig PCN assays were used to explore
species differences in potency. Moreover, the potency ob-
served in PCN cells correlated well to the potency observed
in the human SH-SY5Y cell line; a systematic lower potency
was observed in PCN (4.5-fold for mice and 4-fold for guinea
pig) over a wide potency range. This ratio might be due to
species differences in enzymatic efficiency as reported for
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mouse and human (58). Therefore, such correlations should
be established in each laboratory and for each assay.

To our knowledge, there is no suitable guinea pig cell line
that allows testing of BACE1 inhibition. For mouse, however,
the potency in N2A cell line showed a 1:1 relationship to the
mouse PCN potency. Therefore, these primary neuronal cells
could be replaced by the N2A cell line, allowing reduction of
laboratory animal use following the 3R principle (refine, re-
duce, replace). The N2A cell line could also be used to test γ-
secretase inhibition or modulation (59), although its transla-
tion would need to be confirmed (16).

When translating in vitro data to in vivo, not only the
exposure and effect have to be considered, but also the un-
bound brain-plasma ratio and the turnover rate of Aβ in the
respective compartments. As shown in this paper, compounds
1 and 5 did not show any delay in establishment of equilibri-
um of compound concentrations between brain and plasma.
A delay in onset of Aβ effect, however, was expected, since
BACE1 inhibition can only be observed after turnover of
existing Aβ, and, hence, required time-resolved data.
Ignoring this delay could lead to false estimates of compound
potency. All observations per compound were pooled for
estimation of the IC50, while the turnover delay and Imax were
estimated as population parameters for all compounds simul-
taneously. This approach did not explore the pharmacokinet-
ic profile of each compound nor the possibility of non-linear
kinetics. The observed unbound brain concentrations were
used to avoid making any assumptions on the pharmacoki-
netic profile and distribution to the brain. For 32 compounds
in mice and 4 compounds in guinea pig, unbound brain IC50s
were estimated, as well as single Aβ turnover rates for Aβ in
the various compartments. The unbound potencies showed
an 1:1 correlation to the in vitro IC50s, indicating that potency
in vitro directly translates to in vivo. In contrast,Wood et al. , (37)
did not detect a good predictive value of an in vitro assay when
screening 134 compounds in rat. A potential explanation
could be that in this investigation the total plasma concentra-
tions were used without correcting for the unbound plasma-
to-brain distribution. These compound properties can differ
substantially and, thereby, mask a potential correlation. In
addition, if the time-delay in the response is ignored, an
over- or under- estimation of potency can occur, depending
on when the samples are taken (60).

How can we improve our in vivo study design and screening
cascade? First, population pharmacokinetic-pharmaco-
dynamic approach should be applied, analyzing all data si-
multaneously. This allows accurate estimation of potency for
compounds, tested in a dose–response design, by using the
information on turnover rate of Aβ from time-course experi-
ments. Second, when a good in vitro-in vivo correlation of
potency is established, there is a reduced need for running
in vivo experiments. Only promising compounds, based on
in vitro assay, should be confirmed in vivo . The exposure-

effect relationship can be achieved with fewer animals, since
not all dose levels need to be studied in a time-course design.
Should the project move away from the specific chemical
space in which these correlations were established, confirma-
tion of the in vitro-in vivo relationship would be needed. It is,
however, important to continuously assess the compound’s
pharmacokinetic properties, brain penetration, and binding.
However, replacement of any of these assays by an in vitro

equivalent, and the improved design of in vivo experiments will
increase the quality of studies performed and reduce the
number of animals.

CONCLUSION

A good correlation between in vitro and in vivo potency for
mouse and guinea pig, and an excellent correlation between
potency in PCN and human SH-SY5Y cells, increased the
confidence in using human cell lines for screening and opti-
mization for effects of novel BACE1 inhibitors. Moreover, the
established in vitro-in vivo correlations can optimize the design
and reduce the number of preclinical in vivo effect studies.
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