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a b s t r a c t

b-amyloid1-42 (Ab1-42) is a major endogenous pathogen underlying the aetiology of Alzheimer's disease
(AD). Recent evidence indicates that soluble Ab oligomers, rather than plaques, are the major cause of
synaptic dysfunction and neurodegeneration. Small molecules that suppress Ab aggregation, reduce
oligomer stability or promote off-pathway non-toxic oligomerization represent a promising alternative
strategy for neuroprotection in AD. MRZ-99030 was recently identified as a dipeptide that modulates
Ab1-42 aggregation by triggering a non-amyloidogenic aggregation pathway, thereby reducing the
amount of intermediate toxic soluble oligomeric Ab species. The present study evaluated the relevance of
these promising results with MRZ-99030 under pathophysiological conditions i.e. against the synapto-
toxic effects of Ab oligomers on hippocampal long term potentiation (LTP) and two different memory
tasks. Ab1-42 interferes with the glutamatergic system and with neuronal Ca2þ signalling and abolishes
the induction of LTP. Here we demonstrate that MRZ-99030 (100e500 nM) at a 10:1 stoichiometric
excess to Ab clearly reversed the synaptotoxic effects of Ab1-42 oligomers on CA1-LTP in murine hip-
pocampal slices. Co-application of MRZ-99030 also prevented the two-fold increase in resting Ca2þ levels
in pyramidal neuron dendrites and spines triggered by Ab1-42 oligomers. In anaesthetized rats, pre-
administration of MRZ-99030 (50 mg/kg s.c.) protected against deficits in hippocampal LTP following
i.c.v. injection of oligomeric Ab1-42. Furthermore, similar treatment significantly ameliorated cognitive
deficits in an object recognition task and under an alternating lever cyclic ratio schedule after the i.c.v.
application of Ab1-42 and 7PA2 conditioned medium, respectively. Altogether, these results demonstrate
the potential therapeutic benefit of MRZ-99030 in AD.

© 2015 Elsevier Ltd. All rights reserved.
. Parsons).
Animal welfare

All animal experiments were conducted according to the
guidelines of the government institution responsible for animal
welfare in the respective laboratories European country/county.
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1. Introduction

Memory impairment is one of the main symptoms of Alz-
heimer's disease (AD), a neurodegenerative disorder with rising
incidence among elderly people e for review see (Selkoe, 2012;
Sheng et al., 2012). The pathophysiology of AD is characterized by
chronic, progressive neurodegeneration which involves early syn-
aptotoxicity (loss of neuropil, neurotransmitter disturbances,
accumulation of extracellular Ab deposits, intracellular neurofibrils,
gliosis) and only at later stages overt neuronal loss and associated
brain atrophy (Bell and Claudio Cuello, 2006; Citron, 2010;
Heininger, 1999; Yankner, 1996). At early stages of the disease, the
entorhinal cortex and hippocampus are particularly affected and
this is associated with cognitive deficits (Braak et al., 1993).

Although knowledge on how this disease develops and triggers
brain damage has substantially increased in recent years, novel
drugs that help counteract neurodegeneration are still urgently
required. Unfortunately, the current armamentarium for AD, tar-
geting cholinergic and glutamatergic neurotransmission, only act
on symptoms with little clinical evidence that it can slow down or
prevent the progression of the disease (Herrmann et al., 2011). This
situation indicates the necessity for the development of early
neuroprotective treatment strategies.

One of the most obvious pathological feature of AD is the accu-
mulation of b-amyloid peptides (Ab) in the brain. Ab derives from
amyloid precursor protein (APP) by proteolytic cleavage (by b-sec-
retases and g-secretases) via the amyloidogenic pathway and it has
beenproposedtoaccumulate inADbrainsasa resultofbothexcessive
production and impaired clearance. Ab1e40 is the most prevalent
form of Ab, but the Ab1e42 form has a higher propensity to aggregate
and is greatly enriched in amyloid deposits (Cappai and Barnham,
2008). Ab peptides are thought to underlie early synaptic pathology
and cognitive impairment. In contrast to the hypothesis that the full
manifestation of AD pathology is initiated by the accumulation of
insoluble polymeric plaques in the brain (Hardy, 1997; Hardy and
Selkoe, 2002; Terry et al., 1991) it is becoming increasingly accepted
that soluble, aggregated Ab peptides, also referred as Ab oligomers,
may be the more neurotoxic species (Glabe, 2005; Haass and Selkoe,
2007; Klein, 2002; Klein et al., 2001; Lacor et al., 2007; Lambert et al.,
1998; Lesneetal., 2006;Townsend, Shankaretal., 2006b;Walshetal.,
2002; Walsh and Selkoe, 2004). Logically, an early reduction of
soluble Ab1e42 aggregates in the brain may be critical for preventing
and/or reversing AD-related dysfunction (Selkoe, 2011).

Since b- and g-secretase initiate the amyloidogenic pathway,
much effort has been expended to develop inhibitors of these en-
zymes (Baxter et al., 2005; Durham and Shepherd, 2006; Evin et al.,
2006; Guo and Hobbs, 2006; Imbimbo, 2008; Olson and Albright,
2008; Sato et al., 2008). However, development of secretase in-
hibitors is challenging, because these enzymes have many sub-
strates and clinical studies revealed strong side-effects (Dominguez
et al., 2005; Selkoe and Kopan, 2003). One reason for these disap-
pointing results might be the fact that Ab1-42 at picomolar con-
centrations (as found in healthy brains) actually exerts positive
effects on synaptic plasticity (Puzzo et al., 2008). This beneficial
function of Ab1-42 is hypothesized to be mediated through actions
at presynaptic alpha7 nicotinic acetylcholine receptors (a7-nAchR).
It has become increasingly clear that targeting all species of Abwith
for example secretase inhibitors bears the risk of counteracting
some possible positive physiological functions of Ab and thus,
specifically blocking pathological effects of Ab oligomers might be
therapeutically more attractive.

Recently, attention has been drawn to the development of com-
pounds that either 1) suppress the aggregation, 2) reduce the sta-
bility of Ab oligomers or 3) promote the formation of off-pathway,
non-toxic oligomers thereby protecting neurons in AD (Amijee
and Scopes, 2009). A number of small molecules, e.g. PBT-2
(an 8-hydroxy quinolone), scyllo-inositol (AZD-103) and epi-
gallocatechin-3-gallate (EGCG), have been reported to inhibit Ab
oligomerization and fibrillogenesis in vitro and in vivo (Adlard et al.,
2008; Garzone et al., 2009; Mandel et al., 2008; McLaurin et al.,
2006; Rezai-Zadeh et al., 2008;White et al., 2006; Zhang et al., 2013).

There is a large body of evidence showing that the pathologic
actions of Ab1-42 are mediated through perturbation of gluta-
matergic signalling (Danysz and Parsons, 2012; Hu et al., 2012;
Parameshwaran et al., 2008). Strong support for the theory of
Ab1-42 oligomer involvement in the early pathology of AD comes
from studies showing that Ab1-42 oligomers negatively affect long-
term potentiation (LTP) in the hippocampus (Walsh et al., 2002;
Oddo et al., 2003; Townsend et al., 2006a; Rammes et al., 2011), a
phenomenon thought to underlie the synaptic plasticity necessary
for memory formation and learning (Granger and Nicoll, 2014;
Macdougall and Fine, 2014). Furthermore, cognitive performance
in rodents is strongly attenuated after intra-cerebral/hippocampal
administration of Ab peptides associating the earliest amyloid
toxicity to soluble species in the absence of plaques (for review see
(Chambon et al., 2011).

These adverse effects on synaptic plasticity are possibly related
to the observation that Ab1-42 oligomers are also capable of dis-
rupting neuronal resting Ca2þ levels via various pathways (for re-
view see Bezprovanny and Mattson, 2008, Green and LaFerla,
2008). For instance, interactions of oligomers with the NMDA re-
ceptor can result in increased Ca2þ entry. Oligomers may also act as
pore-formers and thus introduce an extra conductance for Ca2þ.

MRZ-99030 ((R)-(2-[2-Amino-3-(1H-indol-3-yl)-propionyla-
mino]-2-methyl-propionic acid) is a dipeptide containing the
building blocks D-tryptophan and 2-amino-2-methylpropionic acid
(Frydman-Marom et al., 2009; Frydman-Marom et al., 2011).
Recently, it has been shown that MRZ-99030 interacts with
monomeric Ab in vitro and induces “off-pathway” aggregation into
large amorphic Ab peptides without a b-sheet structure. As such,
MRZ-99030 reduces levels of soluble toxic oligomers and thereby
ameliorates Ab1-42 oligomer-induced cytotoxicity in different cell
systems (Parsons et al., 2015).

The present experiments were designed to examine the rele-
vance of these promising effects of MRZ-99030 on Ab oligomeri-
zation under more physiological/pathophysiological conditions in
biological systems. Here we demonstrate that this small dipeptide
compound successfully ameliorates deficient hippocampal LTP and
rescues in vivo learning and memory function impaired by acute
administration of Ab oligomers.

2. Methods

2.1. Animals

All animal rooms had automatically controlled temperature (21 ± 1 �C), hu-
midity 60% ± 3%, and normal 12-h light/12-h dark cycles. On arrival animals were
randomly allocated to treatment groups and evenly distributed throughout the
caging system. Domestic quality mains water and standard laboratory food were
available ad libitum (except food for alternating lever cyclic ratio e ALCR). Cages,
bedding, and water bottles were changed every 2e3 days. After arrival the animals
were allowed at least 6 days for acclimatisation. After experiments, the animals were
sacrificed by systemic administration of anaesthetic or CO2 followed by cervical
dislocation. Experiments were carried out according to the animal welfare guide-
lines of the respective laboratory's country and in accordance with the recom-
mendations and policies of the U.S. National Institutes of Health Guidelines.

For PK experiments, after surgery male Sprague Dawley (SD) rats (200e250 g)
were housed individually in Macrolon® type III cages with the grid lid elevated by a
5 cm frame. For ALCR experiments, male SD rats (225e250 g) were housed individ-
ually andmaintained at 90% of their free-feeding bodyweights to encourage operant
responding for food reinforcement and improve the general health of the animals.

2.2. Compounds

For in vitro experiments, MRZ-99030 was dissolved in double distilled water to a
concentration of 500 mM, aliquoted and stored at�20 �C. Each aliquot was used only
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for one experimental day. For in vivo experiments, MRZ-99030 was freshly dissolved
in PBS (plus kleptose HPB for ALCR experiments) before application and adminis-
tered subcutaneously (s.c.) in a 2 ml/kg volume. Dose levels for in vivo pharmaco-
dynamic experiments with MRZ-99030 were based on evaluation of data from the
brain pharmacokinetic experiments. No symptoms were observed after s.c. injection
of MRZ-99030. The doses of AZD-103 (p.o.) and memantine (s.c.) were based on
relevant publications (Danysz and Parsons, 2003; Townsend, Cleary et al., 2006a).

2.3. b-amyloid

2.3.1. Synthetic b-amyloid
Ab1-42 (American Peptide or Bachem) was suspended in 100% HFIP (Sigma

Aldrich) to 1 mg/ml and shaken at 37 �C for 1.5 h. This solution was aliquoted to
5e50 mg portions and then HFIP was removed by lyophilisation (Lyovac GT2, Amsco/
Finn-Aqua) over night. The peptide aliquots were stored at �20 �C.

2.3.2. 7PA2 cell conditioned media (7PA2 CM)
7PA2 cells were grown to approximately 95% confluence in DMEM containing

250 mg/ml G418, 1% pen strep and 10% FBS. These cells were briefly washed in DPBS
and then incubated at 37 �C with 5% C02 for 15 h with a sufficient volume of DMEM
just to cover the cells. After incubation the medium was centrifuged at 3000 g for
15 min, any pellet was discarded, and the 7PA2 cell conditioned medium (7PA2 CM)
was either used directly or snap frozen and stored at �20 �C. Control conditioned
medium was generated using non-transfected CHO cells (CHO CM).

2.3.3. In vitro LTP and calcium imaging
The Ab1-42 aliquots were dissolved in 20 mM NaOH to a concentration of 10 or

100 mM with the aid of an ultrasonic water bath. This solution was further diluted
using Ringer solution to a concentration of 10 and 50 nM Ab1-42.

2.3.4. Novel object recognition (NOR) and in vivo LTP
A 5 mg aliquot of Ab1-42 was warmed in a water bath at 37 �C for 10 min, then

sonicated for 30 s, diluted in 667 ml PBS (final concentration 1.8 mM) to start the
oligomerization process and further sonicated and vortexed before being placed on
ice. Oligomeric Ab1-42 solution was used between 15 and 45 min following prepa-
ration andwas brought to room temperature before use by loading into the injection
cannula 10 min before administration. Each animal received 6 ml (3 ml/side) of Ab1-42
oligomers via intracerebroventricular (i.c.v.) injection 2 h before behavioural testing.

2.3.5. Alternating lever cyclic ratio schedule e ALCR
Each animal received a total volume of 10 ml 7PA2 CM (5 ml) into the lateral

ventricles. 7PA2 CM was injected once, 2 h before behavioural testing, half of the
subjects in each group received left lateral ventricle injections and the other half
received right lateral ventricle injections.

2.4. Surgery

2.4.1. Intracerebroventricular (i.c.v.)
For ALCR experiments, rats were anaesthetised with isoflurane and fitted with

permanent indwelling cannulae for injection into the lateral ventricle (coordinates
in mm from Bregma: posterior þ0.5; lateral ±1.5; 3.5 below pial surface (Paxinos
et al., 1985). Rats were allowed 7 days for recovery before experimental testing.

For in vivo LTP, an i.c.v. cannula (stainless steel, gauge 30; Semat Inc.) was
lowered into the brain of SD rats according to the following stereotaxic coordinates
(in mm from Bregma): posterior þ0.5; lateral ±1.5; 3.7 below pial surface. One 6 ml
pump cycle was performed prior to cranial insertion of the i.c.v. cannula, to ensure
immediate flow. For NOR experiments rats were implanted bilaterally with guide
cannulae (coordinates in mm from Bregma: anterior e 0.8; lateral ± 1.5; 2.0 below
pial surface) under ketamine/xylazine anaesthesia. The injection cannulae were
then introduced into the guide cannulae on the day of injection aiming 4 mm below
pial surface. Rats were allowed 7 days for recovery before experimental testing.

2.4.2. Caudate putamen (CPu)
For pharmacokinetic experiments siliconized guide cannula (MAB 6/14) (MAB,

Stockholm, Sweden) were implanted unilaterally in pentobarbital anaesthetized rats
aiming at the CPu (coordinates in mm: posterior þ 0.1; lateral ± 2.6; 3.2 below pial
surface). Rats were allowed at least 2 days for recovery before starting microdialysis
experiments.

3. Experimental procedures

3.1. In vitro LTP

3.1.1. Brain slice preparation
Sagittal hippocampal slices (350 mM thick) were obtained from

adult (2 month) C57/Bl6 male mice that were anaesthetized with
isoflurane before decapitation. The brain was rapidly removed, and
slices were prepared in ice-cold Ringer solution using a vibroslicer.
All slices were placed in a holding chamber for at least 60 min and
were then transferred to an immersion superfusion chamber (flow
rate 1.5 ml/min) for extracellular recordings. The composition of
the Ringer solution was 124 mM NaCl, 3 mM KCl, 26 mM NaHCO3,
2mMCaCl2,1mMMgSO4,10mMD-glucose, and 1.25mMNaH2PO4,
bubbled with a 95% O2e5% CO2 mixture, and had a final pH of 7.3.
Extracellular recordings were made using glass microelectrodes
(2e3 MU) filled with Ringer solution. All experiments were per-
formed at room temperature. Ab1-42 stock solution in NaOH was
added to the bath solution and resulted in a final Ab1-42 concen-
tration of 1, 10 and 50 nM.

3.1.2. Field excitatory postsynaptic potentials (fEPSPs)
In vitro fEPSPswere evoked by stimulating the Schaffer collateral

commissural pathway (Sccp) in the dendritic region of hippocam-
pal CA1, by test stimuli (0.066 Hz, 4e5 V, 20 ms) delivered via two
bipolar tungsten electrodes insulated to the tip (tip diameter
50 mM). For the induction of LTP, high-frequency stimulation (HFS;
100 Hz/100 pulses) conditioning pulses were delivered to the same
Sccp inputs. For most recordings both stimulating electrodes were
used to utilize the input specificity of LTP and thereby allow the
measurement of an internal control within the same slice. Briefly,
HFS was delivered from one of the electrodes under conditions in
the absence of Ab1-42 and potentiation of the responses was
monitored for at least 60 min after the tetanus. Ab1-42 was then
applied via the bath solution for 90 min before attempting to
induce LTP in the second input following HFS delivered via the
second electrode. Control experiments confirmed that the extent of
LTP did not depend on the time that slices were in the chamber, at
least not for the maximal duration used in the present studies of up
to 5 h.

As such, in almost all cases where drugs were applied, desired
long wash in periods of at least 90 min were possible and, as a
consequence, there was often no drug free control or drug free Ab1-
42 recording in the same slice. However, separate drug free exper-
iments examining control LTP and LTP in the presence of Ab1-42
were interleaved with these.

The recordings were amplified, filtered (3 kHz), and digitized
(9 kHz) using a laboratory interface board (ITC-16, Instrutech Corp.,
NY, USA) and the “LTP-program“-software (Anderson and
Collingridge, 2001), available from http://www/ltp-program.com.
Four signals were averaged to one for analysis giving 1 data point
per minute. Data were re-analysed offline with the analysis pro-
gram IgorPro v. 6.1. Measurements of the slope of the fEPSP were
taken between 20 and 80% of the peak amplitude. Slopes of fEPSPs
were normalized with respect to the 30-min control period before
tetanic stimulation. For statistical purposes, this baseline period
was compared to the last ten minutes of recording (50e60 min
post-TBS).

3.2. Calcium imaging

3.2.1. Electrophysiology and two-photon laser scan imaging
Brain slices were prepared and experimented with under

similar conditions as described above. For Ca2þ imaging and action
potential generation, individual pyramidal neurons (within hip-
pocampal CA1 or in L3-L5 of frontal cortex) were recorded from in
whole-cell current-clamp mode using an EPC-10 amplifier (HEKA,
Lambrecht, Germany). Patch pipettes (pipette resistance 5e6 MU)
were filled with an intracellular solution containing the following
(in mM): 130 K-methyl sulphate, 10 HEPES, 4 MgCl2, 2.5 Na2ATP, 0.4
NaGTP, 10 Na-phosphocreatine, 2 ascorbate, 0.1 OGB-1 (Ca2þ indi-
cator, Invitrogen, Carlsbad, CA, USA), at pH 7.3. Pyramidal neurons
were held at a potential of e 60 mV; cells with holding currents
>100 pA were rejected.

http://www/ltp-program.com
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Imaging was performed on a Femto-2D scanning microscope
(Femtonics, Budapest, Hungary), with two-photon excitation at
800 nm provided by a Ti:Sa laser (Chameleon, Coherent, Santa
Clara, CA, USA).

After at least 20 min post establishment of the whole-cell
configuration, up to 3 spines and adjacent dendritic locations
each per neuron were imaged in line-scan mode (Fig. 2a). Satu-
rating action potential trains at 50 and 80 Hz (with 20 action po-
tentials per train) were elicited 2e3 times each, with an interval of
at least 60 s between recordings to prevent intracellular accumu-
lation of Ca2þ. After this first set of measurements, three different
types of experiments were conducted: (1) control, with a second
set of measurements after another 20 min, (2) Ab, with wash-in of
50 nM Ab1-42 oligomers right after completion of the first round
and the second set of measurements after another 20 min, (3)
AbþMRZ, with wash-in of 50 nMAb1-42 oligomersþ 500 nMMRZ-
99030 right after completion of the first set and the second set of
measurements after 20 min.

3.2.2. Fluorescence data analysis
Line scans were averaged and analysed in terms of absolute fluo-

rescence levels followingbackground subtraction. RestingCa2þ levels
([Ca2þ]rest) were estimated via the method by (Maravall et al., 2000).
For a more detailed description see also (Egger and Stroh, 2009).

The plateau fluorescence values of the saturating trains at 80 Hz
and 50 Hz, respectively, were normalized to the same basal fluo-
rescence f0 and used to establish the saturation correction factor x
(eqn (2). The Kd of OGB-1 at room temperature was assumed to be
<200 nM (e.g. (Maravall et al., 2000). The value of the intracellular
dynamic range (Rf) of OGB-1was assumed to be 9, at the higher end
of the range given by Maravall et al. (2000). Our main findings
concern relative changes in [Ca2þ]rest and are independent of the
exact value of Rf.

Resting [Ca2þ]rest was determined from the fluorescence level f0
via (Maravall et al., 2000)

h
Ca2þ

i
rest

¼ Kd

�
f0=fmax � 1

.
Rf

�
=ð1� f0=fmaxÞ (1)
Fig. 1. MRZ-99030 prevents Ab1-42-induced LTP impairment. Murine hippocampal slices we
delivery of HFS (arrow). LTP was monitored for 60 min. After a further 90 min wash in of A
input. To ensure the validity of the Ab1-42-mediated effect, interleaved experiments with Ab1
level of control LTP for these interleaved experiments was 148 ± 4% (n ¼ 17, white circles)
The maximal fluorescence fmax was estimated via extrapolation
from the saturating fluorescences measured at two frequencies
(n1 ¼ 50 Hz < n2 ¼ 80 Hz), using the saturation factor x (with dfmax

n ¼ (fmax n � f0)/f0), the maximal relative value of the saturating
fluorescence changes at frequency n): (Maravall et al., 2000)

fmax ¼ fmax v2$ð100=xÞ;x
¼ 100$ð1� ðdfmax v2=dfmax v1Þðv1=v2ÞÞ=ð1� ðv1=v2ÞÞ

(2)

First set measurements with a value of dfmax < 150% were
excluded from further analysis, since initial low values of dfmax
might indicatebleachingorother photodamage (see also (Eggerand
Stroh, 2009). Average dfmax values across all first set measurements
werewithin the range of 290e330% in both dendrites and spines for
the three types of experiments and did not differ significantly.
3.3. Pharmacokinetics

Microdialysis experiments were performed in the animal's
home cage with the lid replaced by an acrylic frame bearing a
counter-balanced arm with the swivel assembly. A microdialysis
probe (MAB 6.14.4) was lowered through the guide cannula into the
CPu (ventral position of probe tip with reference to the
skull: �7.2 mm) more than twelve hours before the onset of the
microdialysis experiments. Food pellets were removed, but water
was available throughout the experiment. The probes were
perfused with artificial cerebrospinal fluid (aCSF) at a flow rate of
2 ml/min using a CMA 102 or a CMA 100 perfusion pump. The
composition of the aCSF was 147 mM NaCl, 2.7 mM KCl, 1.2 mM
CaCl2, 0.85 mM MgCl2. The animals were connected by a self-
assembled system to a dual channel liquid swivel 375/D/22QM
(Instech). FEP tubing and tubing adapters (CMA orMAB) were used.
The sample collection began one hour after start of perfusion. Three
20 min fractions were taken to obtain baseline values. Thereafter,
MRZ-99030 was injected s.c. followed by sample collection for
360 min. The samples (40 ml) were collected automatically with a
re incubated with MRZ-99030 (100 nM, dark grey circles, n ¼ 9) for 90 min before the
b1-42 (10 nM, light grey diamonds, n ¼ 17) HFS still produced stable LTP in the second
-42 (10 nM, black diamonds, n ¼ 16) were additionally performed in separate slices. The
. The values are displayed as means ± S.E.M.



Fig. 2. MRZ-99030 prevents Ab1-42-induced increase in resting Ca2þ levels. (A) Left: Two-photon scan of cortical pyramidal neuron filled with 100 mM OGB-1 (scale bar 20 mm).
Inset: Magnified view of imaged section of dendrite and location of line scan (scale bar 2 mm). Right top: Outline of the experiment protocol used for examination of the effects of
MRZ-99030 on resting [Ca2þ]0. Right middle: Individual experiment. Voltage recording at soma and fluoresence signals in spine and dendrite shown left before and right after
application of 50 nM Ab1-42. Scale bars 500 ms for time and 20 mV for voltage. All fluorescence transients recorded from the same structure are shown normalized to the same fmax,
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Fig. 3. Identification of the optimum time window and dose range for in vivo phar-
macodynamic testing of MRZ-99030. MRZ-99030 was administered s.c. to rats during
microdialysis experiments. Analysis of microdialysis samples revealed that the optimal
time-window for PD analysis under employed dosing and application conditions
would start 60 min after application of each dose and would end 180 min after
application of 2 mg/kg, 360 min after 10 mg/kg and >360 min after 50 mg/kg
(Tmax ¼ between 60 and 80 min for each dose). There was a dose-dependent increase
in brain Cmax and AUC levels, whilst Tmax was comparable for each dose. Comparison
between Cmax and AUC of the three doses showed a non-perfect linear relation. All data
were corrected for in vitro recovery. NB: log abscissa scale.
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fraction collector (CMA/142 or CMA 140) and stored at �20 �C until
analysis.

Rats were dosed with 2, 10 or 50 mg/kg s.c. MRZ-99030,
respectively (each n ¼ 5). Dose levels took into account the
maximum tolerated dose and the anticipated therapeutic dose i.e.
leading to brain levels close to the affinity at the target. Each animal
was treated three times with each dose with a washout period of
48 h. Sampling was performed for 6 h after administration of the
compound.

3.4. In vivo LTP

3.4.1. Electrode placement
Adult male SpragueeDawley rats (250e400 g) were anaes-

thetized initially with isoflurane (5% in oxygen) and subsequently
with an intraperitoneal injection of urethane (0.5 ml/100 g, 25%
solution), supplemented as necessary (0.1 ml/100 g) on the basis of
corneal reflex, withdrawal response to paw-pinch and the stability
of monitored cardiovascular variables. Core body temperature was
monitored and maintained at 37 ± 1 �C by a homeothermic blanket
system. The right femoral vein and artery and the trachea were
cannulated to permit, respectively, administration of supplemental
anaesthetic; the recording of arterial blood pressure via a pressure
transducer and amplifier (Neurolog NL108, Digitimer); the main-
tenance of a clear airway. Animals spontaneously breathed room
air, which in some cases was oxygen-enriched. Animals were
placed in a stereotaxic frame (Narishige ST-7) and the dorsal brain
surface overlying the hippocampus was exposed by craniotomy.
Small incisions were made in the dura and stimulating and
recording electrodes were lowered vertically through the cortex to
the hippocampus according to the following stereotaxic
as calculated from Equation (2) for the baseline response (see Methods, in arbitrary units
excitation, corrected for offset). The dashed line marks the resting fluorescence value for the
the presence of 50 nM Ab1-42 (enlarged inset). (B) Left: Two-photon scan of CA1 pyramidal
section of dendrite and location of line scan (scale bar 2 mm). Right: Individual experimen
before and right after application of 50 nM Ab1-42 þ 500 nM MRZ-99030. Scale bars and
50 nM Ab1-42 and before and after application of 50 nM Ab1-42 þ 500 nMMRZ-99030. (D) Cum
control (no added drug), Ab1-42 and Ab1-42 þ MRZ-99030. For values, see text.
coordinates (Paxinos et al., 1985): recording electrode
AP: �4.4 mm, L: 2.0e2.25 mm, DV: 2.0e2.5 mm; stimulating
electrode AP: �3.4 mm, L: 2.5 mm, DV: 2.0e3.0 mm, relative to
Bregma.

3.4.2. Recordings
Electrical stimulation (0.1e0.2ms pulsewidth,10e100 V, 0.1 Hz)

of the Sccp though a coaxial bipolar stainless steel electrode (FHC)
was used to evoke population spike (PS) activity in stratum pyr-
amidale of area CA1, recorded through an extracellular carbon fibre
microelectrode (Kation Scientific). Using Neurolog equipment,
signals were amplified (�0.2e0.5 k, NL102, NL104) and filtered
(bandwidth 10 Hze1 kHz, NL125) with the conditioned output
being captured on a PC using a micro1401 interface with Spike 2
software (CED).

The amplitude of the PS superimposed on the fEPSP was pre-
sented in real time and subsequently analysed off-line. By adjusting
the depth of both the stimulating and recording electrodes in small
increments, the amplitude of the PS was optimized. Thereafter, an
inputeoutput curve was carried out to determine maximal PS
amplitude and the voltage required to generate a potential with
amplitude of approximately 30e50% of the maximum. Stimulation
parameters were then maintained at this level at a frequency of
0.033 Hz to demonstrate a stable baseline period of at least 10 min
before commencing the full experiment protocol.

In each experiment, all data points were normalised to themean
of the PS amplitude over the ten minute period directly before TBS.
For statistical purposes, this baseline period was compared to the
last ten minutes of recording (80e90 min post-TBS).

3.4.3. Dosing
Tenminutes subsequent to the start of recording, s.c. injection of

MRZ-99030 (50 mg/kg) or vehicle (PBS 2 ml/kg) was performed.
Sixty minutes following s.c. compound/vehicle administration, an
i.c.v. injection of 6 ml of oligomeric Ab1-42 or PBS was administered
over a 3 min period. Following i.c.v. injection, the signal was
recorded for a further 120 min before 5� theta burst stimulation
(TBS, Fig. 4) was applied to the Schaffer collateral pathway. Po-
tentials were recorded for 90 min post-TBS.

3.5. Novel object recognition (NOR)

SpragueeDawley rats (Janvier) weighing 250 g at delivery were
used for this experiment. The test took place in a black-wooden
Y-Maze (arm length: 60 cm; width: 26 cm; height: 56 cm)
(Chambon et al., 2011a,b). A digital video camera (Panasonic, USA)
mounted above themazewas connected to a computer running the
video tracking software EthoVison XT (Noldus Netherlands). Four
light sources were placed around the maze providing indirect light
with an intensity of 20 lux within the maze. From inside the maze
no external maze cues were visible. Objects usedwerewhite plastic
and dark glass bottles and their weight ensured they could not be
moved. As far as could be ascertained, objects had no significance
for the animals and they have never been associated to any rein-
forcement. Prior to testing for memory performance, rats were
habituated to the maze for two consecutive days. Each day, single
rats were placed in the centre of the maze in a transparent cylinder
). The leftmost part of the transients represents zero fluorescence (previous to laser
baseline recordings. Note the increase for the relative size of the resting fluorescence in
neuron filled with 100 mM OGB-1 (scale bar 20 mm). Inset: Magnified view of imaged
t. Voltage recording at soma and fluoresence signals in spine and dendrite shown left
normalizations as in (A). (C) Values of resting [Ca2þ]

0 before and after application of
ulative comparison between the ratios of second to first set (baseline vs. condition) for



Fig. 4. MRZ-99030 prevents Ab1-42-induced deficits in LTP in the CA1 hippocampal region in anaesthetised rats. LTP of normalized PS amplitude following i.c.v. injection of
oligomeric Ab1-42 (black diamonds) or PBS (6 ml, open circles) after s.c. injection of vehicle (2 ml/kg). MRZ-99030 (50 mg/kg s.c.) protected against Ab1-42-induced deficits in in vivo
hippocampal LTP, bringing post-TBS responses towards those observed in animals receiving PBS (160.8 ± 11.4%, n ¼ 6; light grey diamonds) 90 min post tetanic stimulation. MRZ-
99030 only marginally impaired LTP induction compared to control (dark grey circles).
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to maintain them for 5 s and were than allowed to freely explore
the empty maze for 10 min. Following habituation, the rats'
memory performance was tested on the third day. On this day, 3
equal objects were placed at the far end,10 cm from the endwall, of
each arm of the Y-maze. The rat was introduced into the maze by
putting it for 5 s into a transparent cylinder placed in the centre of
the maze, and was then allowed to explore the maze and the ob-
jects for 5 min (sample phase). During the inter-trial interval, i.e.
1 h, the rat was returned to its home cage and one of the familiar
objects was replaced by a new object. The test trial lasted for 5 min.
Both sample and test phase were recorded. The video recording
started when the rat entered one arm. Recorded parameters were
distance moved (cm) and time spent to explore each object (s).
Entry into an arm was counted when all four limbs of the rat have
fully entered the arm. To ensure there was no place preference, the
novel object was pseudo-randomly placed in one of the three arms.
The first minute of the test was used to evaluate the animals'
memory performance. In between rats as well as in between
sample phase and test trial, the maze was cleaned with water. In-
clusion criteria were applied: during the sample phase the rat has
to visit at least once each arm; during the test phase the rat has to
visit at least one familiar arm, and the novel arm. MRZ-99030 was
injected (i.p.) once 4 h before behavioural testing and Ab solution
was injected (i.c.v.) 2 h before.

3.6. Alternating lever cyclic ratio (ALCR)

Two-Iever operant test chambers (Med Associates) enclosed in
sound attenuating compartments were used for the measurement
of responding. The reinforcer was one 45 mg food pellet which was
delivered into a tray situated midway between the two levers,
1.0 cm above the floor of the chamber. A PC programmed in MEDPC
(Med Associates) controlled the experiment and collected data.

Rats were initially trained to press both levers according to an
alternating lever fixed ratio 1 (FR-I) schedule of reinforcement.
During training the active lever was extended into the chamber and
was illuminated by a light situated immediately above the lever,
while the inactive lever was retracted. One response on the active
lever resulted in the lever being retracted, the lever light extin-
guished, delivery of the reinforcer, presentation of the alternate
(now active) lever, and illumination of the active lever light (a
forced choice situation). When responding showed no change in
trends under FR-I, subjects were reinforced according to a hierar-
chical series of alternating-Iever FR schedules, FR2, FR-4, FR-6 and
FR-8. When performance showed no change in trends under FR-8,
subjects were trained under a forced choice ALCR schedule,
comprised of an ascending followed by a descending sequence of
the ratio values 3, 6, 9, 12, 15 and 18, presented over six cycles.
When performance showed no change in trends under the ALCR
training schedule, subjects were trained under the terminal forced
choice ALCR schedule, comprised of an ascending followed by a
descending sequence of the ratio values 2, 6, 12, 20, 30, 42 and 56,
presented over 6 cycles. When subjects were capable of completing
the forced choice ALCR schedule in 50 min, the forced choice
conditions were removed, both levers were extended into the
chamber and the light cues were extinguished.When subjects were
capable of completing this version of the terminal ALCR schedule
within 50 min, they were randomly assigned to seven groups for
i.c.v. injections. Lever switching errors are counted if an animal
switches the lever before completion of a specific ratio condition;
lever perseveration errors are counted if an animal fails to switch to
the opposite lever upon completion of a specific ratio condition.

Data were collected from all six cycles of the terminal ALCR
schedule. For lever switching errors and incorrect lever persevera-
tions, baselineperformancewas calculated frommeans of the 3days
of ALCR responding immediately prior to drug administrations.

Animals were tested 120 min after 7PA2 CM/vehicle injections.
MRZ-99030 and AZD-103 were administered s.c. 60 min prior to
i.c.v. 7PA2 CM injections. Memantine was administered s.c. 15 min
prior to i.c.v. 7PA2 CM injections.

3.6.1. Body fluid collection
Plasma was collected from 36 satellite animals receiving 2, 10

and 50mg/kgMRZ-99030 (n¼ 4) at time points 30, 60 and 120min
after s.c. administration. Blood was collected in Lithium heparin
vials. To get plasma, blood samples from each mouse were spun at
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least at 1750 rpm (if possible at 3000 rpm) for 10 min in a centri-
fuge. For the analysis of one plasma sample at least 50 mL plasma
was prepared. After blood was drawn, centrifugation was done
within thirty minutes at 1750 rpm. Harvested plasma was trans-
ferred immediately by pipetting into labelled polypropylene tubes
and stored in a �20 �C freezer.

3.7. Statistics

For in vivo LTP, in vitro LTP and ALCR experiments data were
analysed by one-way analysis of variance (ANOVA), followed by
Bonferroni's multiple comparison test, NewmaneKeuls multiple
comparison test or Fisher' s protected least significant differences
test respectively. To assess statistical significance levels for the
resting [Ca2þ]rest measurements, the non-parametric two-tailed
Wilcoxon matched-pairs signed-ranks test was applied for
comparing paired data sets, e.g. [Ca2þ]rest data in the same structure
from first round and second round. Unpaired data were compared
via the ManneWhitney U test. All averages are given ± S.D. unless
indicated otherwise.

For NOR, data were analysed using paired t-tests to compare
exploration of novel and familiar objects for each experimental
group. Probability (P) values of <0.05 were always considered to
represent significant differences. All results are presented as
means ± standard error of the mean (S.E.M.).

4. Results

4.1. MRZ 99030 prevents Ab1-42 oligomer-induced LTP deficits

In a previous publication (Rammes et al., 2011) we have
demonstrated that synthetic Ab1-42 oligomers prepared according
to the in vitro methods used in this paper and then applied for
90 min to murine hippocampal slices prevented, in a
concentration-dependent manner, the development of CA1-LTP
after tetanic stimulation of the Schaffer collaterals with a half
maximal inhibitory concentration of around 2 nM (before oligo-
merization (Rammes et al., 2011). In the present study, we tested
whether MRZ-99030 is able to restore LTP in the presence of such
oligomeric Ab1-42 preparations. Pilot experiments and the results of
mechanism of action (MoA) studies indicate that a 10e20 fold
excess of MRZ-99030 over Ab is often required (Parsons et al.,
2015). Thus, we chose a stoichiometric MRZ-99030/Ab1-42 ratio of
10:1 and applied two different concentration pairs, either 100 nM/
10 nM or 500 nM/50 nM, respectively.

When testing the 100 nM/10 nM ratio, analysis of the difference
in LTP induction between the four groups revealed significant dif-
ferences (F(3,70) ¼ 13.26, p < 0.0001). MRZ-99030 (100 nM) alone
slightly reduced LTP and fEPSPs were only potentiated to 133 ± 5%
(n ¼ 7) compared to control 148 ± 4% (n ¼ 17) but this difference
was not significant (p > 0.05, 95% CI -15.71e15.71). The application
of Ab1-42 oligomers (10 nM) alone impaired LTP induction after
60 min and fEPSP were only potentiated to 117 ± 3% vs. control
(n ¼ 16; p < 0.001, 95% CI 16.61 to �45.39; separate drug free ex-
periments examining control LTP and LTP in the presence of Ab1-42
were interleaved and added to these values). In the presence of
MRZ-99030 however, Ab1-42 oligomers (10 nM) did not block LTP
(fEPSP slope: 136 ± 7%, n ¼ 17; p > 0.05, versus control LTP and LTP
in the presence of MRZ-99030 alone; Fig. 1; p < 0.01, 95% CI -33.95
to �40.45). The application of the 500 nM/50 nM concentration
ratio produced similar significant results F(3,46) ¼ 7.141, p < 0.0005
(data not illustrated). Ab1-42 oligomers alone (50 nM) reduced LTP
to 113 ± 2% (n ¼ 19) whereas in the additional presence of MRZ-
99030 (500 nM) LTP recovered to 154 ± 19% (n ¼ 7; p < 0.01, 95%
CI -71.75 to �10.25).
Additionally, we tested two other classes of Ab aggregation
inhibitors, scyllo-inositol AZD-103 (500 nM) and the 8-hydroxy
quinoline PBT2 (2000 nM) on their ability to reverse the Ab1-42-
induced inhibition of LTP for methodological validation (data not
shown). Pre-incubation with either AZD or PBT2 did not affect LTP
induction significantly. In the presence of 50 nM Ab1-42 AZD-103
restored LTP (potentiated to 136 ± 11%, n ¼ 9) whereas PBT2
restored LTP deterioration (potentiated to 142 ± 6%, n¼ 15) induced
by 100 nM Ab1-42. These experiments demonstrate that Ab aggre-
gation inhibitors/modulators delivered at concentrations which
still allow physiological activities in vitro are, in general able, to
prevent Ab1-42 oligomer-induced synaptic toxicity.

4.2. Resting calcium level [Ca2þ]rest in pyramidal neuron spines and
dendrites

To estimate the resting Ca2þ level we used saturating action
potential trains at two different frequencies, measured absolute
basal fluorescence f0 and determined the maximal fluorescence
fmax via extrapolation from the two plateau fluorescence levels (see
Methods, (Maravall et al., 2000); Fig. 2). The average distance of the
investigated spines from the soma was on the order of 60 mm,
ranging from 16 to 106 mm.

In the first set of the control experiments (n ¼ 4 cells), [Ca2þ]rest
was estimated to be 32 ± 9 nM in dendrites (n¼ 9) and 37 ± 9 nM in
spines (n ¼ 9). In the second set, these values did not change
significantly (ratios second tofirst round1.19±0.41 in dendrites and
1.20 ± 0.30 in spines, Wilcoxon test). Thus under our experimental
conditions there is no significant inherent rise in [Ca2þ]rest over time.

In the first set of Ab experiments (n ¼ 6 cells, Fig. 2A, C), resting
[Ca2þ]rest was estimated as 36 ± 13 nM in dendrites (n ¼ 8) and
44 ± 17 nM in spines (n ¼ 8 cells, Fig. 2A, C). In the presence of
50 nMAb1-42 oligomers in the second round, these values increased
significantly (ratios second tofirst round1.77±0.51 in dendrites and
2.02±0.90 in spines, P<0.01 for both,Wilcoxon test). No substantial
changes in resting potential or holding current were observed. Thus
we found that within 20 min Ab1-42 oligomers act to increase basal
[Ca2þ]rest in both dendrites and spines by a factor of nearly 2.

In the first set of the AbþMRZ experiments (n¼ 8 cells), resting
[Ca2þ]rest was estimated to be 40 ± 9 nM in dendrites (n ¼ 20) and
40 ± 10 nM in spines (n ¼ 17). In the presence of both 50 nM Ab1-42
oligomer and 500 nM MRZ-99030 in the second set, these values
increased slightly, but significantly in the dendrites (ratio second to
first round 1.26 ± 0.33, P < 0.01), and insignificantly in spines (ratio
second to first round 1.21 ± 0.40, P n.s.; Fig. 2B, C). These changes
are significantly lower than the increase observed in the data set
with Ab alone, but not different from the control experiment values
given above (ManneWhitney test, Fig. 2D). No substantial changes
in resting potential or holding current were observed. Therefore the
co-application of MRZ-99030 with Ab1-42 oligomers prevents the
rise in basal Ca2þ induced by Ab1-42 oligomers alone.

4.3. Pharmacokinetics

In order to determine the optimum time window and dose
range for behavioural testing, MRZ-99030 was administered s.c. to
rats during microdialysis experiments. Analysis of microdialysis
samples revealed that the optimal time-window for pharmacody-
namic (PD) analysis following s.c. administration would peak
around 60 min after application of each dose and would end
360min after application of 10 mg/kg and 180min after application
2 mg/kg (Tmax ¼ between 60 and 80 min for each dose; Fig. 3).
Adequate levels of MRZ-99030 were still present in the brain more
than 360 min after administration of the highest dose of 50 mg/kg.
There was dose-dependent increase in brain levels, while Tmax was



Fig. 5. MRZ-99030 prevents the deleterious effect of Ab1-42 in a novel object recog-
nition task performed in a Y-maze apparatus. Objects exploration (time in sec. spent to
explore objects) was monitored during the first minute of the test phase. I.c.v. injection
(1.8 mM, 3 ml/side) of Ab1-42 2 h before the test induced a recognition deficit but this
deficit could be prevented by the systemic administration of MRZ-99030 (50 mg/kg
s.c.) 2 h before the injection of Ab1-42. * denotes p < 0.05, paired t-test novelty vs.
familiarity.
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comparable for each dose. Comparison between Cmax of the three
doses shows a non-perfect, linear relationship. The Cmax for 50 mg/
kg was ~5.5 times higher than for 10 mg/kg and ~19.4 times higher
than for 2 mg/kg, and the Cmax for 10 mg/kg was ~3.5 times higher
than for 2 mg/kg. The AUC of 50 mg/kg was also ~5.1 times higher
than 10 mg/kg and ~15.8 times higher than for 2 mg/kg, and the
AUC for 10 mg/kg was ~3.1 times higher than for 2 mg/kg. This
indicates that the concentration increase is somewhat bigger than
expected solely from a linear relationship between dose and brain
levels. All data are corrected for in vitro recovery. No severe
symptoms or mortality were observed at all three tested doses.

4.4. In vivo LTP

In the next step, we examined the effects of s.c. administration
of MRZ-99030 on depression of LTP induced by i.c.v. administration
of oligomeric Ab1-42 in the CA1 region of the rat hippocampus
in vivo. The total analysis by ANOVA of the difference in LTP in-
duction between the four groups revealed significance
F(3,26) ¼ 4.662, p ¼ 0.0098. In animals subject to injection of olig-
omeric Ab1-42 preceded by vehicle, significant deficits in LTP were
observed. At the end of the recording period, 90 min after LTP in-
duction, the PS amplitude following administration of oligomeric
Ab1-42 measured 132.5 ± 5.3% (n ¼ 8) of baseline, compared to
171.7 ± 9.6% (n ¼ 9) in PBS-injected animals (p < 0.01; Fig. 4A, B).

However, a pre-administration of MRZ-99030 (50 mg/kg s.c.)
protected against Ab1-42-induced deficits in hippocampal LTP,
bringing post-TBS responses towards those observed in animals
receiving PBS (160.8 ± 11.4%; n ¼ 6) and reaching statistical sig-
nificance when compared to animals receiving vehicle and Ab1-42
(p < 0.05) but not when compared to control LTP (p > 0.05). MRZ-
99030 itself did not confer any facilitatory effect on hippocampal
synaptic responses following theta burst stimulation and allowed
an LTP of 162.8 ± 5.0% of baseline (n ¼ 7) 90 min following LTP
induction (p > 0.05; Fig. 4A, B).

4.5. Novel object recognition (NOR)

When measuring locomotion during the test phase, the explo-
ration in between 5 minwas not different between all three groups
(Mean distance ± SEM in cm: vehicle þ vehicle ¼ 2157.70 ± 182.02,
vehicle þ Ab1-42 ¼ 1808.61 ± 91.69, MRZ-99030 þ Ab1-
42¼ 1889.80 ± 144.27, data not shown) showing that MRZ-99030 at
a dose of 50 mg/kg s.c. did not affect locomotion per se. When
testing the object exploration monitored during the first minute of
the test phase (Fig. 5) the application of Ab1-42 induced a dramatic
reduction in the recognition of the difference between novel and
familiar objects (vehicle: novel ¼ 6.90 ± 1.88 s,
familiar ¼ 1.26 ± 0.42 s, p < 0.05, paired t-test; Ab1-42:
novel ¼ 3.43 ± 1.14 s, familiar ¼ 2.99 ± 1.01, p > 0.05, paired t-test).
MRZ-99030 restored the difference in the exploration of the two
different objects (MRZ-99030 þ Ab1-42: novel ¼ 7.64 ± 1.97,
familiar ¼ 1.88 ± 0.62, p < 0.05, paired t-test). The results indicate
that systemic administration of MRZ-99030 (50 mg/kg s.c.)
completely reversed the Ab1-42-induced memory deficit observed
in the object recognition task.

4.6. Alternating lever cyclic ratio (ALCR)

Systemic injections of vehicle, MRZ-99030 (2 mg/kg, 10 mg/kg
and 50 mg/kg, s.c.), memantine (1.25 and 5 mg/k.g, s.c.) and AZD-
103 (50 mg/kg, p.o.) were given 1 h prior to i.c.v. 7PA2 CM or
CHO CM injections. The ALCR test was conducted 2 h post i.c.v.
injection of 7PA2 CM or CHO CM.
In the first part of these experiments, the ALCR model was
validated by reproducing the positive effects of AZD-103 published
previously (Townsend, Cleary et al., 2006a). Statistically, there was
a significant overall treatment effect on incorrect lever persevera-
tions (F6,91 ¼ 3.000, p ¼ 0.0101; Fig. 6a, b and c). 7PA2 CM injected
subjects exhibited significantly more incorrect lever perseverations
as compared to the CHO CM injected group (p < 0.01) (Fig. 6a and
b). As reported by (Townsend, Cleary et al., 2006a) the 7PA2 CM
group co-treated with AZD-103 (50 mg/kg p.o.) showed signifi-
cantly decreased incorrect lever perseverations as compared to
7PA2 CM (p ¼ 0.0034) (Fig. 6a).

Next, two doses of the clinically-validated compound mem-
antine were tested to check if the frequently reported biphasic
doseeresponse curve seen with this NMDA receptor antagonist
(Frankiewicz and Parsons, 1999; Wesierska et al., 2013;
Zajaczkowski et al., 1997; Zoladz et al., 2006) could be repro-
duced in this model. This was indeed the case, the lowest dose of
memantine 1.25 mg/kg completely reversed 7PA2 CM induced
incorrect lever perseverations, whereas this effect was lost at the
higher dose of memantine.

The 7PA2 CM injected groups treated with MRZ-99030 (2 mg/kg
[p¼ 0.0314], 10 mg/kg [p¼ 0.0368] and 50 mg/kg [p < 0.0138], s.c.)
demonstrated significantly fewer incorrect lever perseverations
than the 7PA2 CM injected subjects (p < 0.001) (Fig. 6b). This effect
of MRZ-99030 was clearly dose-dependent.

With respect to lever switching errors, there was also a signifi-
cant overall treatment effect (F6,91 ¼ 6.704, p < 0.0001). The 7PA2
CM injected subjects again exhibited significantly more lever
switching errors as compared to the CHO CM injected group. The
group treated with AZD-103 (50 mg/kg) showed significantly
decreased lever switching errors as compared to 7PA2 CM
(p ¼ 0.0001, data not shown). Memantine showed the same
biphasic dose-dependency as reported for incorrect lever persev-
erations (data not shown).

The 7PA2 CM injected groups treated with MRZ-99030 (2 mg/kg
[p ¼ 0.0314], 10 mg/kg [p ¼ 0.0023] and 50 mg/kg [p < 0.0001],
i.c.v.) again demonstrated significantly fewer lever switching errors
than the 7PA2 CM injected subjects (p < 0.001) (Fig. 6c). This effect
was clearly dose-dependent.

MRZ-99030 at the highest dose (50 mg/kg, s.c.) had no effect on
its own on performance in either parameter in this cognition assay.
Indeed, this dose of MRZ-99030 showed no negative effects in any
of the in vivo models, i.e. it was completely benign.
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Fig. 6. MRZ-99030, memantine and AZD-103 prevent the deleterious effect of i.c.v.
7PA2 CM on ALCR performance. Fig. 5a: Effects of memantine (1.25 mg/kg and 5 mg/kg
s.c.) and AZD (50 mg/kg p.o.) on i.c.v. 7PA2 CM-induced incorrect lever perseverations.
Fig. 5b: Effects of MRZ-99030 (2 mg/kg, 10 mg/kg and 50 mg/kg s.c.) on 7PA2 CM-
induced (i.c.v.) incorrect lever perseverations. Fig. 5c: Effects of MRZ-99030 (2 mg/
kg, 10 mg/kg and 50 mg/kg s.c.) on i.c.v. 7PA2 CM-induced lever switching errors. All
data presented as mean ± SEM. Statistical significance is indicates with # (p < 0.05 vs.
animals treated with CHO CM) or * (p < 0.05 vs. animals treated with 7PA2 CM).
Baseline performance appears on the graphs as a horizontal dotted line.

Table 1
Plasma levels (in nM) for MRZ-99030 obtained from the ALCR experiments.

nM 2 mg/kg 10 mg/kg 50 mg/kg

30 min 7514 21,647 87,295
60 min 3774 30,308 58,546
120 min 515 1801 45,540

G. Rammes et al. / Neuropharmacology 92 (2015) 170e182 179
4.6.1. Plasma results
The plasma levels (in nM) for MRZ-99030 obtained from the

ALCR experiments are detailed in Table 1. At Cmax around 30 min
these values were 35e70 higher than those measured in the CNS at
40 min in the dedicated microdialysis/PK experiments.
6. Discussion

The current armamentarium approved for the treatment of AD
is only clinically proven to provide symptomatic improvement. For
example, although memantine is clearly neuroprotective in
numerous preclinical AD models, there is insufficient clinical evi-
dence to support the label “disease modifying effects” in humans
(Danysz and Parsons, 2012; Parsons et al., 2013; Parsons et al.,
2007). Developing brain penetrant, small molecular weight drugs
that interfere with Ab aggregation seems to be an attractive
approach to ultimately achieve the goal of slowing/stopping AD
progression whilst providing both neuroprotection and symptom-
atic relief by the same MoA. In the present study we show that
MRZ-99030, a small, D-amino acid, dipeptide modulator of Ab ag-
gregation, reduced Ab1-42-induced synaptotoxic effects both in vitro
and in vivo. MRZ-99030 restored LTP and different cognition tasks
impaired by acute administration of Ab oligomers, thereby con-
firming the therapeutic potential of thisMoA at the level of synaptic
plasticity/cognition.

MRZ-99030 has previously been characterized to be a modu-
lator of Ab aggregation preventing the formation of toxic soluble
Ab1-42 oligomeric and fibrillar species (Parsons et al., 2015). With
respect to its MoA, physico-chemical/biophysical analysis revealed
that MRZ-99030 does not directly inhibit the early stages of inter-
action between monomeric Ab molecules, but rather promotes the
formation of large, amorphic, non-toxic Ab aggregates (Parsons
et al., 2015) e see also (Funke et al., 2010; Kokkoni et al., 2006;
Kumar and Sim, 2014). Since fibrillar structures are not formed,
MRZ-99030 seems to trigger a non-amyloidogenic pathway and
thereby reduces the amount of toxic soluble oligomeric species
(Parsons et al., 2015). These physical, chemical and pharmacological
characteristics make MRZ-99030 a highly attractive candidate to
test the hypothesis that targeting toxic soluble Ab-oligomers could
offer superior clinical therapeutic benefit in the treatment of AD.

LTP is regarded as an electrophysiological correlate of learning
and memory and is impaired by acute administration of Ab1-42
oligomers e.g. to hippocampal slices. Co-incubation of Ab1-42 with
MRZ-99030 in the nanomolar range completely prevented deficits
in CA1-LTP induced by Ab1-42 oligomers. The affinity of MRZ-99030
binding to Ab1-42 was previously determined to be 30 nM (KD) as
revealed by surface plasmon resonance (SPR) measurements using
pathophysiologically relevant concentrations of Ab (Parsons et al.,
2015). But the stoichiometric ratio of compound/Ab is also impor-
tant for such protein/protein interactions: a 10e20 fold excess of
MRZ-99030 over Ab is often required. These pharmacological data
fit very well with the effective concentration ratio applied to hip-
pocampal slices. When testing a MRZ-99030/Ab1-42 10:1 ratio with
two different concentration pairs (100 nM/10 nM and 500 nM/
50 nM), MRZ-99030 was able to reverse significantly the Ab1-42
oligomer-induced synaptotoxic effects on LTP induction. The neu-
roprotective effect of MRZ-99030 on CA1-LTP in vitro was
confirmed by in vivo LTP experiments in anesthetized rats. The s.c.
pre-administration of MRZ-99030 (50 mg/kg) protected against
Ab1-42-induced LTP deficits in the CA1 hippocampal region.

MRZ-99030 also prevented a two-fold rise in resting Ca2þ levels
in pyramidal neuron dendrites and spines in vitro following incu-
bation with Ab1-42 oligomers. Elevated resting Ca2þ has been
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observed previously in neuronal culture and in AD mouse models
(Kuchibhotlaet al., 2008;Umetal., 2013).Under theassumption that
MRZ-99030 would also restore Ca2þ homeostasis in vivo, several
levels of neuroprotection could be expected. Not only is elevated
resting Ca2þneurotoxic per se and a hallmark of ADpathophysiology
(Woods and Padmanabhan, 2012; Yu et al., 2009), it may also
interfere with neuronal plasticity via reducing sensitivity to LTP by
e.g. reducing the signal to noise ratio of the synaptic Ca2þ response
for inducing synaptic plasticity (Danysz and Parsons, 2012).

Additional evidence for the therapeutic potential of MRZ-99030
was provided by behavioural experiments evaluating cognitive
paradigms following the acute i.c.v. injection of Ab oligomers in
rats. In a novel object recognition task, MRZ-99030 was able to
neutralize the synaptotoxic effects of Ab1-42 oligomers which were
associated with a strong deficit in cognitive performance. Similarly,
MRZ-99030 reduced both lever switching and lever perseveration
errors in the ALCR test after acute 7PA2 CM administration. 7PA2
CM contains “natural” SDS-stable human Ab dimers, trimers and
tetramers (Cleary et al., 2005; Podlisny et al., 1995; Townsend,
Shankar et al., 2006b) including the Ab1-40 and Ab1-42 species that
occur in human brain and extracellular fluids (Podlisny et al., 1995;
Podlisny et al., 1998; Walsh et al., 2002; Walsh et al., 2005). In
contrast to synthetic Ab1-42 oligomers, 7PA2 CM is also synapto-
toxic at sub nanomolar concentrations (Davis et al., 2011; Shankar
et al., 2008; Walsh et al., 2002). These results demonstrate that
MRZ-99030 is able to prevent the deleterious effects induced by
synthetic Ab1-42 oligomers as well as when incubated with an Ab
composition strongly correlating to that naturally occurring in AD
type dementia (Mc Donald et al., 2010).

Using published values for Ab levels in the brain of rodent AD
animal models as well as AD patients (Dutescu et al., 2009;
McKinnon, 2003) the Ab concentration in the brain of AD pa-
tients can be estimated to be around 1e15 nM. Thus, in the worst
case 300 nM (20 � 15 nM ¼ 86.8 ng/mL) of MRZ-99030 would be
needed in the brain to counteract the synaptotoxic effects of Ab, but
in best case only 30 nM (if the Ab concentration in the human brain
is �1.5 nM). The brain Ab1-42 concentration after the i.c.v. applica-
tion of 6 mL of 1.67 mM Ab1-42 can be estimated to be around 5 nM
assuming an even redistribution to the whole brain, so it lies within
the middle of this range e supporting the pathophysiological
relevance of using such models to investigate the effects of mole-
cules addressing Ab toxicity.

Only the highest dose of 50 mg/kg s.c. MRZ-99030 was tested in
the in vivo LTP and NOR test. In both cases, the reversal of Ab-
induced deficits was practically complete. The dose-dependency of
MRZ-99030 in vivo was only tested in the ALCR model. All three
doses MRZ-99030 (2, 10 and 50 mg/kg s.c.) produced significant
reversal of Ab-induced deficits, but the effect was clearly dose-
dependent. Brain pharmacokinetics of s.c. MRZ-99030 revealed a
high free maximal brain concentration of 2600 nM at the 50 mg/kg
doses i.e. at the time of Ab administration, but levels had declined
to around 550 nM at the time point corresponding to memory
testing/induction of LTP in vivo. The respective values for 10 mg/kg
MRZ-99030 were around 370 and 140 nM respectively. The
respective values for 2 mg/kg MRZ-99030 were around 135 and
45 nM respectively. It is unclear, which time point and associated
concentration is therapeutically more relevant for AD. However, it
is clear, that MRZ-99030 levels in the mid to lower nM were still
sufficient to provide substantial reversal of Ab-induced deficits in
synaptic plasticity.

The BBB penetration of MRZ-99030 as reflected in differences
between free brain microdialysate and total plasma levels was not
optimal for a systemically administered drug. For this reason, this
compound is being developed as a topical treatment for AMD/
glaucoma and alternative routes are being evaluated for AD e.g.
intranasal which is often good for improving peptide access to the
CNS. However, we do not believe that MRZ-99030 acted via a pe-
ripheral sink mechanism in the present experiments for two major
reasons. First, the effective free CNS concentrations in vivowere still
well within the range shown to be effective in vitro. Secondly, in our
hands, related Ab aggregation modulators also work when given
together with Ab via the i.c.v. route.

In summary, molecules targeting soluble Ab oligomers repre-
sent a promising alternative approach for the treatment and
possible prevention of AD (Citron, 2010; Mangialasche et al., 2010).
Here, we report that a small dipeptide molecule, previously found
to modulate the conformation/neurotoxic aggregation of synthetic
Ab1-42, can penetrate into the brain in sufficient quantities after
parenteral application to fully prevent the adverse synaptotoxic
effects of both synthetic and naturally secreted human Ab oligo-
mers on both cognitive performance and hippocampal LTP. MRZ-
99030 bears many of the characteristics sought in a disease-
modifying therapeutic for AD and targets a well-documented
pathogenic agent in this disease e soluble Ab oligomers e that
have been extensively confirmed to impair glutamatergic synaptic
plasticity in a variety of animal models of AD (reviewed in (Walsh
and Selkoe, 2004). Taken together, these findings provide preclin-
ical support for the hypothesis that targeting toxic soluble Ab
oligomers with small molecules like MRZ-99030 could provide
both symptomatic improvement and neuroprotection in AD by the
same MoA.
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