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Abstract

Several lines of evidence suggest that the amyloid-β-
peptide (Aβ) plays a central role in the pathogenesis of
Alzheimer’s disease (AD). Not only Aβ fibrils but also
small soluble Aβ oligomers in particular are suspected to
be themajor toxic species responsible for disease develop-
ment and progression. The present study reports on in
vitro and in vivo properties of theAβ targetingD-enantio-
meric amino acid peptide D3. We show that next to
plaque loadand inflammation reduction, oral application
of the peptide improved the cognitive performance of
AD transgenicmice. In addition, we provide in vitro data
elucidating the potential mechanism underlying the ob-
served in vivo activity of D3. These data suggest that D3
precipitates toxic Aβ species and converts them into

nonamyloidogenic, nonfibrillar, and nontoxic aggregates

without increasing the concentration of monomeric Aβ.
Thus, D3 exerts an interesting and novel mechanism of

action that abolishes toxic Aβ oligomers and thereby

supports their decisive role in AD development and

progression.
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A
lzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder, affecting more than
27 million people worldwide (1). Several lines

of research have provided strong evidence of a central role
played by amyloid-β-peptide (Aβ) in the pathogenesis of
AD. Aβ is produced normally and throughout life as a
39-43 residuepeptide fromtheamyloidprecursorprotein
(APP) by two distinct proteolytic activities, called β- and
γ-secretases (2-4). Histopathological hallmarks of AD
are aggregated protein deposits (i.e., senile plaques and
neurofibrillary tangles) in the brain. Senile plaques consist
mainly of Aβ. According to the amyloid cascade hypoth-
esis, fibrillar forms ofAβ have been thought to be respon-
sible for neuronal dysfunction (5, 6). More recent studies
indicate that diffusable Aβ oligomers, including protofi-
brils, prefibrillar aggregates, and ADDLs, are the major
toxic species during disease development and progres-
sion (7-10). Therefore, agents that interferewith earlyAβ
oligomerization are expected to be especially valuable for
use in the therapy or prevention of AD. In turn, if such
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agents prove to be effective in therapyor the prevention of
AD, they would further strengthen the role of Aβ oligo-
mers for disease development and progression.

So far, only palliative therapies for AD are available.
Acetylcholine inhibitors such asDonepezil, Galantamine,
and the NMDA receptor antagonist Memantine have
beenapproved for clinical use in the treatment of cognitive
symptoms (11, 12). Approaches targeting Aβ include the
reductionofAβproductionby inhibitorsormodulatorsof
the β- or γ-secretases, Aβ vaccination, and interference of
Aβ aggregation by small molecules or peptides (13, 14).
A variety of such substances have already been described,
e.g.,Congored (15), scyllo-Inositol (16,17), amino-propane
sulfonic acid (18), Clioquinol (19, 20), methylene blue (21),
polyphenol (-)-epigallocatechin (EGCG) (22, 23), and
oligomeric acylated aminopyrazoles (24, 25).

Small peptides that inhibit the aggregation of Aβ and
reduce its toxic effects have also been identified and a
fraction of them shown to be effective in AD transgenic
mice (26-29). Recently, a β-sheet breaking D-enantio-
meric dipeptide was reported to selectively target Aβ
solubleoligomers.Thecompoundwasorallybioavailable,
reduced the plaque load in AD transgenic mice, and
improved their cognitive performance (30).

Earlier, we reported the identification of Aβ42 binding
D-enantiomeric 12-mer peptides by mirror image phage
display selections (31-34). Such D-peptides are known to
be extremelyprotease resistant, thusbeingpotentiallywell-
suited for in vivo use (35, 36). The D-peptide D3 (amino
acid sequence RPRTRLHTHRNR, Figure 1) was identi-
fied during a mirror image phage display selection using
D-enantiomeric Aβ42 as a target under conditions where
monomeric or small oligomeric Aβ42 species can be ex-
pected to be the dominating species. In vitro, D3 inhibits
the formationof regularAβ fibrils and reducesAβ42 cyto-
toxicty. In vivo, D3 reduces plaque load and cerebral
inflammation of transgenicmousemodels ofADupon di-
rect application into the brain (32). The present study aims
to investigate the effectoforallyappliedD3onplaque load
and on the cognitive behavior of AD transgenic mice. In

addition, various in vitro experiments were carried out to
elucidate the potential mechanism of D3 action.

Results and Discussion

The APP-PS mouse model expressing human APPswe
and PS1-ΔE9 develops elevated levels of Aβ42 at the age
of about four months, and at around 5 months of age, it
shows typical Aβ plaques (37). Young, four-month old
female mice were orally treated with D3 by adding D3 to
the drinking water for eight weeks. Depending on the
water uptake, the mice consumed between 0.5 and 1 mg/
dayD3.Another group ofmicewas unilaterally infused in
the hippocampus for eight weeks using Alzet minipumps.
The amount of D3 totally applied per mouse was 0.5 mg.
As a control, the third group was implanted with empty
Alzet minipumps. After 7 weeks of D3 treatment, all
groups of mice were tested in the Morris water maze.
TheD3 treatedmice showed a significant improvement of
learning during theweek of testing, but the untreatedmice
did not (Figure 2A). Interestingly, the orally treated mice
performed better in the water maze than the brain infused
ones, probably due to the higher amount of applied D3.
After the completion of the behavioral testing, the animals
were sacrificed and the brains assessed for AD pathology.
In the sections that were stained for human Aβ(4-10)
immunoreactivity, the total Aβ load in the hippocampus
and frontal cortex was measured. Brain tissue sections of
D3 treatedmice had a significantly lower Aβ load as com-
pared to that of the untreated mice (Figure 2B,C), very
similar to those treatedwithD3 at the age of eightmonths
via direct infusion into the brain (32). Analysis of brain
sections stained for GFAP or microglia revealed that D3
treatment did not cause any significant inflammation or
obvious pathology. A more detailed analysis of the mag-
nitude of inflammation near Aβ deposits even revealed
a significant reduction of plaque-related inflammation
(measured in both GFAP and CD11b staining) in orally
treated mice as compared to that in untreated and brain
infused mice (Table 1).

Figure 1. Lewis structure of the D-enantiomeric peptide D3.
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Because of the very different amounts of applied D3,
the data of the orally treated mice (up to 1 mg/day) are
difficult to compare with the data of the mice that were
treated by direct infusion into the brain (9 μg/day). There-
fore, the complete oral application assay was repeated,
applying smaller amounts of D3. This time, D3 was not
added to the drinking water. Instead, implanted Alzet

minipumpsdelivered exact amounts (0.1mg/day) of saline
solvedD3directly into the stomachof the treatedgroupof
mice (n=8). A control group (n=9) was treated with
saline. The applied amounts of D3 were 5- to 10-fold less
than that in the drinking water assay. Nevertheless, the
differencesbetween treatedandcontrol groups concerning
behavior and inflammation were significant (Supporting
Information, Table S1 and Figure S1).

Currently, it is critically discussed, whether the reduc-
tion of Aβ fibrils in plaques at the cost of augmenting
oligomer Aβ assemblies could be harmful. Therefore, it
was important to elucidate the potential mechanism of
D3 action. To do this, we performed various assays to
investigate the effects of D3 on Aβ in vitro.

Amethod suitable to investigate the effect ofD3on the
size distribution ofAβparticles is dynamic light scattering
(DLS). Therefore, solutions containing 5 μM Aβ with
and without D3 were assayed to estimate the size of Aβ
particles and their development over time. In the absence
ofD3, theAβ solution revealed averydominatingparticle
species with an averaged hydrodynamic radius (RH) of
30 nm over a time period of 10 min (Figure 3A), a result
that is consistentwith other studies (38). In the presenceof
D3, additional particles with sizes of 80 and 700 nm were
observed after less than 10 min. This suggests that D3
induces the formation of huge Aβ particles. D3 alone as
a control did not develop any detectable particles. D3
induced formation of largeAβparticleswas confirmed by
size exclusion chromatography (SEC) and turbidity as-
says (see Supporting Information, Figures S2 and S3).

Aβ species can be separated from each other accord-
ing to their size using density gradient centrifugation on
preformed gradients of iodixanol (25). To further inves-
tigate the effects of D3 on Aβ particle size, 125 μMAβ42
samples with and without D3 (1:1) were analyzed by
density gradient centrifugation runs.After centrifugation,
14 fractions of 140 μL each were harvested and analyzed
for Aβ content by SDS-PAGE analysis and subsequent
silver staining (Figure 3B). In the absence ofD3, theAβ42
species are broadly distributed over nearly all fractions,
corresponding toall possibleAβparticle sizeswithamaxi-
mum found in fractions 11 and 12 corresponding to fib-
rillar aggregates. Samples containingD3 had a drastically
reduced Aβ content in fractions 4 to 11. Calibration with
proteins of known s-values indicated that these fractions
contained Aβ aggregates with s-values in the range of 6.5
to 18 S.Assuming a globular shape as a rough estimation,
those species correspondtoAβ16 to200-mers.Obviously,
the presence of D3 resulted in the loss of oligomers and
increased Aβ contents in fractions corresponding to very
high molecular weights (Figure 3B, fractions 12 and 14).
The large-sized Aβ aggregates in samples containing D3
showed neither a positive ThT signal nor amyloid proper-
ties upon staining with Congo red, indicating the absence
of regular fibrils.

Figure 2. Results of the transgenic animal studies. (A) Time
needed to find the hidden platform in theMorris water maze assay
by the mice that were treated with D3 added to the drinking water
(open circles), by direct brain infusion of D3 (gray filled circles), or
not treated (black filled circles). For details see the Methods
section. Error bars indicate standard deviations. (B) Photomicro-
graphs of coronal sections of the hippocampus stained for Aβ
(W0-2 antibody) from control mice (left column), orally D3
treated mice (middle column), and mice treated by brain infusion
(right column). (C) Quantitative evaluation of Aβ plaque load.
Bars indicate theAβ plaque load (area covered byAβ) in the dorsal
hippocampus of D3 treated and untreated mice. * indicates
significantly different, p < 0.05.
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Indeed,electronmicroscopic (EM) analysis (Figure4A,B)
revealed Aβ typical fibrils (twisted ribbons) and sphe-
rical particles in the Aβ42 samples without D3 but
huge amorphous structures without any ribbons or
elongated fibrillar morphology in the D3 containing
Aβ samples.

Recently, Aβ particles have been reported to have
infectious properties. Minute amounts of material con-
taining Aβ brought in direct contact with the CNS
were shown to induce cerebral β-amyloidosis (39).
The seeding capabilities of Aβ aggregates are discussed
as important toxic and pathogenic properties. To
investigate the in vitro seeding potential of D3-induced
Aβ aggregates, we carried out seeding experiments
(Figure 4C). Aβ only fibrils stimulated fibrillogenesis,
whereas Aβ-D3 coaggregates did not, suggesting that
Aβ-D3 coaggregates do not have a fibrillar or otherwise
amyloidogenic structure. This is in accordance with the
observation that Aβ-D3 coaggregates are negative for
Congo red absorption and ThT fluorescence.

An additional insight into themechanism ofD3 action
can be gleaned from computational studies of an Aβ-
nonamer in the presence and absence of D3. The simula-
tions, based on an experimentally determined Aβ struc-
ture (40), show thatD3 is able to form strong interactions
with negatively charged groups of Aβ. These interac-
tions, which persist over the entire simulation time
(Figure 5E,F), compensate the charge on the Aβ-
surface and are therefore expected to reduce solubility
and promote the aggregation of Aβ. This is consis-
tent with the experimental observation of large non-
fibrillar Aβ-aggregates in the presence of D3.

In addition, D3 binding also has an effect on the
topology of the Aβ-oligomer itself. While the twist angle

(Figure 5H) of the unliganded oligomer is approximately
5� between adjacent momomers (Figure 5C,D,G), D3
binding induces a twist ofmore than 12� (Figure 5E,F,G).
In this context, it is interesting to note that the twist angle
of 5� determined for the unboundoligomer ismuch larger
than the value of 0.45� measured for Aβ42 fibrils (40).
This observation suggests that Aβ-oligomers represent a
muchmore suitable target for D3 binding than Aβ-fibrils
for two reasons: (i) the initial twist of the oligomer is lar-
ger, which should facilitate D3 binding; and (ii) the
conformational plasticity of the oligomer is higher, which
allows it to tolerate the large twist induced byD3binding.
This large twist angle also locks the oligomers in a con-
formation, less suited to incorporation into fibrils, which
are characterized by an extended conformation with
a small twist angle. Therefore, also in silico, nonfibrillar
aggregates are formed instead.

Our in vitro data clearly show that D3 precipitates
toxic Aβ oligomers into large, high-molecular-weight,
nontoxic, ThT negative, nonamyloidogenic amorphous
aggregates that fail to act as seeds inAβ fibril formation
assays. It is important to stress the fact that in all assays,
D3 did not increase the concentration of monomeric
Aβ. Therefore, one possible mode of D3 action may be
that the D3-induced conversion of Aβ species into
amorphous Aβ-D3 aggregates adds an additional equi-
librium to the complex network between the various Aβ
species. D3 thereby shifts the equilibria amongAβmono-
mers, oligomers, and fibrils toward Aβ-D3 aggregates
that are nonamyloidogenic andmaybemore amenable to
degradation processes. Although D3 does not necessarily
need to cross the blood-brain barrier (BBB) in order to
do this, a cell culture model revealed D3 to cross the
BBB significantly, indicating an adsorptive-mediated

Table 1. Summary of Important Quantities: Number of Animals Per Group, Body Weight, the Aβ Load, the
Number ofCongoRedPositive Plaques, and theDensity of Staining for theGFAPandMicroglia aroundPlaques in
the Dorsal Hippocampusa

group control D3 brain infusion D3 oral treatment

treatment
empty Alzet
minipump

D3, brain infused by
Alzet minipump

D3 added to
drinking water

peptide amount [mg/day] 0.009 0.5-1.0

number n = 6 n = 6 n = 6

body weight [g] 23.8 ( 0.6 23.4 ( 0.9 23.1 ( 0.6

swim speed [cm/s] 17.04 ( 0.88 16.12 ( 1.72 15.91 ( 1.21

probe trial [s in quadrant] L 12.68 ( 2.40 L 17.47 ( 3.24 L 13.75 ( 1.84

C 20.08 ( 2.69 C 20.70 ( 5.14 C 18.99 ( 2.25

A 9.80 ( 1.79 A 10.13 ( 3.26 A 12.28 ( 2.06

R 17.60 ( 2.04 R 11.87 ( 2.56 R 14.62 ( 1.77

Aβ plaque load [%] 0.78 ( 0.11 0.53 ( 0.04* 0.53 ( 0.08%*

Congo red 12.9 ( 2.5 11.8 ( 1.5 7.5 ( 2.0*

GFAP 98.6 ( 2.7 96.5 ( 3.1 86.4 ( 3.2*

microglia 136 ( 3.5 132 ( 3.8 112 ( 4.3*

aL, left; C, correct; A, across; R, right. * indicates significantly different, p < 0.05.
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transcytosis mechanism (41), very similar to that re-
ported for other arginin-rich proteins such as Tat (42).

In summary, we demonstrate that the mirror image
phage display derived D-enantiomeric peptideD3 is able
to reduce Aβ plaque load and enhance the cognitive
state of transgenic ADmice even after oral application.
D3 exerts an interesting and novel mechanism of action
that abolishes toxic Aβ oligomers and thereby supports
their decisive role in AD development and progression.

Methods

Peptides
D3(RPRTRLHTHRNR,all aminoacids areD-enantiomers)

and Aβ(1-42) were purchased as reversed phase high perfor-
mance liquid chromatography purified products (Jerini Biotools,
Berlin, Germany).

Seedless Aβ Stock Solutions
Aβwasdissolved in hexafluoroisopropanol (HFIP) to 1mM

and incubated overnight at room temperature. Stock solutions

were aliquoted and stored at-20 �Cuntil required. Prior to use,
HFIP was evaporated. HFIP pretreated Aβ pellets were incu-
bated in 100 mM NaOH, diluted in seedless buffer (50 mM
sodium phosphate buffer, containing 100 mM NaCl, pH 7.5),
and the pH value adjusted by the addition of 100 mMHCl.

Thioflavin T (ThT) Assays
ThT assays were performed as described elsewhere (32)

withminor modifications. Aβ aliquots andD3were dissolved
in PBS (140 mMNaCl, 2.7 mMKCl, 10 mMNa2HPO4, and
1.8mMKH2PO4, pH 7.4) and added to a ThT solution (5 μM
ThT, 50 mMGlycin, in NaOH-H2O, pH 8.5). Samples were
incubated at 37 �C.
Congo Red Spectral Shift Assay

The amyloidogenic properties of Aβ aggregates were de-
termined by the Congo red spectral shift assay according to
Klunk et al. (43, 44). Aggregates were formed as described for
density gradient centrifugation either with or without the
addition of equimolar (125 μM) amounts of D3 and diluted
into PBS buffer, pH 7.4, to a 0.06 mg/mL final concentration
of Aβ. A freshly prepared stock solution of Congo red was
added to the solution to yield a 10 μMconcentration. After 20
min of incubation at ambient temperature, absorption spectra
from 700 to 300 nm were recorded using a V-650 UV-vis
spectrophotometer (Jasco, Germany). As controls, the spec-
tra of Congo red, ligand, and Aβ alone were recorded.

Figure 3. Aβ oligomer modulation by D3. (A) Particle size analysis
by dynamic light scattering (DLS). Aβ and D3 as well as mixtures of
bothwere prepared seedless in filtered sodiumphosphate/NaCl buffer.
DLSmeasurements were carried out at 20 �C, with a fixed angle (90�)
and a cuvette path length of 3mm.Data acquisition time was 1 s using
a 655.6 nm (13 mW) laser. By using calculated autocorrelation
functions, a regularization fit was performed in order to obtain size
distribution profiles at t= 0 min (t0, upper row) and after 10 min
(lower row). (B) Analysis of Aβ aggregation by density gradient
ultracentrifugation. The size distributions of 125 μMAβ42 and Aβ42-
D3 mixtures (1:1) were determined by sedimentation analysis on a
preformed gradient of iodixanol (Optiprep, AXIS-SHIELD, Oslo,
Norway). One hundred microliters of aggregation assays containing
125 μMAβ42 without or with 125 μMD3 was directly overlaid on a
step gradient of 5-50% iodixanol. After centrifugation, 14 fractions
from top to bottom of the centrifuge tube of 140 μL each were
harvested. The 15th fraction represents the pellet. The fractions were
analyzed by SDS-PAGE and silver staining.

Figure 4. Analysis of amyloid properties of Aβ in the absence and
presence ofD3. (AandB) ElectronmicrographsofAβ sampleswithand
without D3. Twenty-five micromolar Aβ (A) and (1:4) Aβ-D3 (B) were
negatively stained by uranyl acetate (1%) and measured as described in
the Methods section. Scale bars: 100 nm. (C) Aβ fibril formation with
and without seeds monitored by ThT fluorescence. Aβ only fibrils and
Aβ-D3 coaggregates were prepared by incubating Aβ42 with and
without different concentrations of D3 for 3 days at 37 �C. After
washing, the precipitated seeds (20%v/v) were added to the aggregation
reactions consistingof freshlypreparedAβ42 solutions.The relativeThT
fluorescence of freshly preparedAβwith fibrillar Aβ seeds (red), Aβ-D3
coaggregates (1:1, light blue), Aβ-D3 coaggregates (1:10, green), and
freshly preparedAβ as a control (purple) is shown as a function of time.
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Figure 5. Computational analysis of the Aβ-D3 interaction. The initial structure of the Aβ(15-42) nonamer (A,B) and the structures of the
unliganded nonamer (C,D) and the Aβ-D3 complex (E,F) after 50 ns of molecular dynamics simulations are shown as the top and side views,
respectively. These two views differ by a rotation of approximately 90� around the vertical axis. The top layers of the oligomer are colored in
light gray, and a color gradient is used for the lower layers of the oligomer. The electrostatic surface is shown for the initial structure in
Figure 3A, in which the positive and negative surface charges originate from Lys16 and Glu22, respectively. Glu22 is shown as red sticks in
panels B to F.D3 is shown in stick representation (colored according to the atom types) in panels E and F. A dotted line represents a disordered
region of the terminal Aβ-chain. (G) Changes of the twist angle over the simulation time for the unliganded and D3-bound Aβ-oligomer. (H)
Schematic presentation of a twisted Aβ-oligomer. The yellow arrows represents the vector between the CR-carbons of Val18 and Val24. The
angle between two vectors of adjacent chains was used to calculate the twist angle as described in the Methods section. Note the significantly
enhanced twist angle in the D3-bound form (F) compared to the starting structure (B), which reflects the properties of the fibril.
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The absorption spectrum of the Aβ in the absence of the dye
was used to subtract the scattering contribution of the aggre-
gates from the spectrum of the dye in their presence.

Density Gradient Centrifugation
Density gradient centrifugation was performed according

to Rzepecki et al (25). Preformed gradients of optiprep (Axis-
Shield, Oslo, Norway) of about 2 mL volume were overlaid
with 100 μL sample volumes, containing either 125 μMAβ42
alone or an equimolar mixture of Aβ42 and D3. After centri-
fugation at 260,000g for 3 h at 4 �C in a TL100 ultracentrifuge
(Beckman-Coulter, Palo Alto, USA) with aTLS-55 rotor, 14
fractions of 140 μL each were harvested from top to bottom.
These fractions and the pellet of each tube were subsequently
analyzed with respect to their Aβ42 content by denaturing,
discontinuous Tris-Tricine-SDS-PAGE optimized for the
separation of small peptides or proteins. Mark12 (Invitro-
gen, Germany) with molecular weights between 2500 and
200,000 Da was used as a size standard. The protein content
was visualized by silver staining.

Dynamic Light Scattering
Seedless Aβ as well as D3 were prepared in a seedless

buffer. The buffer was filtered (0.22 μmpore size) prior to use.
DLS measurements were carried out with a DynaPro DLS
system (Protein Solutions, Lakewood, NJ, USA) at 20 �C,
fixed angle (90�), and a cuvette path length of 3 mm. Data
acquisition time was 1 s using a 655.6 nm (13 mW) laser.
Analysis and averaging of the collected data was performed
with the software Dynamic V6 (Protein Solutions). By using
calculated autocorrelation functions, a regularization fit was
performed in order to obtain the size distribution profile. The
data were plotted using GraphPad Prism 5.01.

Electron microscopy
Peptide aggregates were adsorbed on Formvar/carbon

coated copper grids (Plano GmbH, Wetzlar), washed, and
negatively stained with 1% uranyl acetate (pH 4.0). The grids
were observed using a LaB6 CM12 EM (FEI/Philips), oper-
ating at 120 kV with a nominal magnification of 40,000�.
Images were taken using an Orius 832 SC1000 CCD camera
(4008 � 2672 pixels) (Gatan inc.).

Seeding Assays
The assays were performed as already described (23) with

minor modifications. As Aβ only seeds, lyophilized Aβ was
predissolved in DMSO, diluted in PBS (phosphate buffered
saline: 140mMNaCl, 2.7 mMKCl, 10mMNa2HPO4, and 1.8
mM KH2PO4, pH 7.4), and incubated (37 �C, 3 d). Aβ-D3-
seedswere incubated in thepresenceof different amountsofD3.
After incubation, the respective seeds were washed by centrifu-
gation and redissolved in PBS. In the fresh samples without
seeds, Aβ was also predissolved in DMSO. All samples were
diluted in PBS to a concentration of 10 μMAβ containing 100
μMThT.Mixtures of 80% (v/v) freshly prepared Aβ and 20%
(v/v) seeds or control samplesweremade. Themeasurements of
seed containing samples were corrected by subtracting the ThT
signal (fluorescence values) obtained for 20% (v/v) seeds.

Computational Studies
A stack of nine Aβ(15-42)-monomers was generated on

the basis of the experimental structural information about the
geometry ofAβ42 in the fibrillar state (PDB code 2BEG) (40).
This nonamer served as a model system for Aβ-oligomers in

all subsequent computational studies. A candidate binding
site of D3 was determined by inspecting the electrostatic
potential of Aβ(15-42). The surface patch with the highest
excess of negative charge is formed by the E22 side chains of
adjacent Aβ subunits (Figure 5A). The positively charged side
chains of D3 were therefore placed in spatial proximity of the
E22 ladder.A50nsmolecular dynamics (MD) simulationwas
performed to verify, whether this mode of interaction results
in a stable complex. In addition, a controlMD simulationwas
performed for the uncomplexedAβ-nonamer. All simulations
and data analysis were performed using standard protocols as
described previously (45). The calculation of the twist angle
followed the work of Zheng et al (46). For the calculation of
the twist angle, vectors between CR atoms of Val18 andVal24
were defined. The angle between vector pairs for consecutive
Aβ-chains (omitting the first and last chain to account for
boundary effects) was computed for all structures obtained
from the MD simulation.

Animals
APP and PS1 double transgenic mice (APPswe/PS1ΔE9

mice (37), n=12/17) were used in the present study. Themice
were acquired from JAX at the age of six weeks, and until the
treatments, the animals were housed 4/cage in our facility, in
a controlled environment (temperature 22 �C, humidity
50-60%, and light from 07:00-19:00); food and water were
available ad libitum. The experiments were conducted in
accordance with the local Institutional Animal Care and
Use Committee (IACUC) guidelines.

D3 Oral Treatment
The group (6 animals) of four-month old mice was treated

for eight weeks with D3 via their drinking water. The peptide
concentration was 1 mg/mL. On average, the mice drank ca.
0.5 to 1 mL water per day. The stability of D3 in water
containing mouse spit was verified using reversed phase
HPLC analysis. Seven weeks after the start of the treatment,
the animals were tested in the water maze, and eight weeks
after the start of treatment, the animals were sacrificed for
histopathological analysis (see below).

Brain Infusion
In parallel to the orally treated mice, 6 mice were treated

withD3via brain infusion.The applied D-peptide amountwas
0.5 mg/pump. The Alzet minipump (model #2004; delivery
rate: 0.25 μL/h; duration 8 weeks) was soaked in sterile saline
for 24 h, and the next day the pump, the connecting tube and
cannula (Alzet Brain InfusionKit 3; Alzet) were filledwith the
appropriate solution, and they were connected such that no
air bubbleswere present. Then the cannulaewere implanted in
the brain (right dorsal hippocampus); in short, mice were
anesthetized, placed in a stereotaxic frame, a hole was drilled
above the right dorsal hippocampus, and the cannula was
lowered into the hippocampus. The implantation of the can-
nulawas in the dorsal hippocampus in all animals. The implan-
tation of the Alzet minipumps did not change any obvious
physiological parameters (e.g., growth as measured by body
weight or general health) in the implanted mice or cause any
noticeable discomfort, and none of the animals lost the brain
cannula or developed any other problems. Seven weeks after
start of the infusion period, the mice were behaviorally tested
in the Morris water maze for one week. During this week, the
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treatment was continued. Subsequently, the animals were
sacrificed for histopathological analysis (see below).

Behavior
The animalswere tested for oneweek in anopen fieldwater

maze (47). Our version of themaze consisted of a blue circular
tank of clear water (23 ( 1 �C). The mice were placed in the
water at the edge of the pool and allowed to swim in order to
locate a hidden, but fixed escape platform, using extra-maze
cues. OnDay 1, the mice were placed in the pool and allowed
to swim freely for 90 s to find the hidden platform. If the
animal did not locate the platform during that time, it was
placedupon it by the experimenter and left there for 10 s. Each
animal was tested in four trials per day. The intertrial interval
was 60 s. There was no significant difference in the swimming
speed between the groups of mice.

Each start position was used equally in a pseudorandom
order, and the animals always placed in the water facing the
wall. The platform was placed in the middle of one of the
quadrants of the pool (i.e., northwest, southwest, northeast,
or southeast; approximately 30 cm from the side of the pool).
The mouse’s task throughout the experiment was to find and
escape onto the platform. Once the mouse had learned the
task (Day 5, Trial 20), a probe trial was given immediately
following the last trial of acquisition on Day 5. In the probe
trial (i.e., Trial 21), the platform was removed from the pool
and animals allowed to swim for 60 s.

Datawere analyzedbyStudent’s paired t test (treated versus
nontreated) and by ANOVA (Systat 11; between groups), and
posthoc tests (Tukey and Scheffe) were carried out to deter-
mine the source of a significant main effect or interaction.

Histopathology
In short, themice were anesthetized, transcardially perfused,

and their brains removed. Following postfixation and cryopro-
tection, six series (1 in6) of coronal sectionswere cut through the
brain. The first series of sections was mounted unstained, the
second, third, and fourth series were stained immunohisto-
chemically according to published protocols (48), and the other
two serieswere storedat-20 �C inantifreeze for future analysis.
One half of the second series was stained for human Aβ using
the W0-2 antibody (mouse antihuman Aβ4-9 (49)), and the
other half of the second series was stained formouse Aβ (rabbit
antirodent Aβ, Covance (48)). The first half of the third series
was immunohistochemically stained for Aβ40 (mouse anti-
Aβ40, Covance) and the other half for Aβ42 (mouse anti-
Aβ42, Covance). One half of the fourth series was stained for
GFAP (mouse anti-GFAP; Sigma), whereas the other half was
stained forCD11b (rat antimouseCD11b; Serotec), amarker of
microglia. Some of these stained sections were double stained
with Congo red, thioflavine S, or thiazine red. The sections des-
tined forAβ stainingwerepretreated for 30minwithhot (85 �C)
citrate buffer. The series of sections were transferred to a
solution containing the primary antibody; this solution consists
of TBSwith 0.5%TritonX-100 added (TBS-T) (50). Following
incubation in this solution for 18 h on a shaker table at room
temperature (20 �C) in the dark, the sections were rinsed three
times in TBS-T and transferred to the solution containing the
secondary antibody (goat antimouse 3 biotin; Sigma or sheep
antirat Ig 3 biotin, Serotec). After 2 h, the sections were rinsed
three timeswith TBS-T and transferred to a solution containing

mouse ExtrAvidin (Sigma). Following rinsing, the sections
were incubated for approximately 3 min with Ni-enhanced
DAB (50). In a small number of sections, the Aβ deposits were
double labeled forAβ40, Aβ42,GFAP, or CD11b using fluore-
scent secondary antibodies. All stained sections were mounted
on slides and coverslipped.

Quantification
The appropriate areas (dorsal hippocampus and frontal

cortex) of the brains were digitized using an Olympus DP70
digital camera, and the images were converted to gray scale
using the Paint Shop Pro 7 program (50). To avoid changes in
lighting, which might affect measurements, all images were
acquired in one session. Furthermore, to avoid differences in
staining density between sections, the measurements were
performed on sections that were stained simultaneously, i.e.,
in the same staining tray (n = 24). The percentage of area
covered by the reaction product toAβwasmeasured (48) in the
ipsi- and contralateral hippocampus and ipsi- and contralateral
frontal cortex using the ScionImage (NIH) program (50).
Employing a similar procedure, using digital images to overlay
the defined measurement area, plaques were counted in the
same brain area on the adjacent sections that were stained with
Congo red. The density of GFAP or CD11b staining was
measured by placing a standard sized circle (200 μm diameter)
around the plaque core (stained with Congo red) and measur-
ing the optical density of the staining in the circle using the
ScionImage (NIH) program. All density measurements were
done in triplicate, i.e., measuring the standardized area around
three plaques at three different levels of the dorsal hippocam-
pus and the frontal, midline cortex. These measurements were
done blind in sections stained by an observer with no knowl-
edge of the treatment of the animal (50). Data were analyzed
by Student’s paired t test (ipsi- versus contralateral) and by
ANOVA (Systat 11; between groups), and posthoc tests
(Tukey and Scheffe) were carried out to determine the source
of a significant main effect or interaction.
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