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The proof-of-concept of ASS234: Peripherally
administered ASS234 enters the central nervous system
and reduces pathology in a male mouse model of
Alzheimer disease
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Background: The heterogeneity of Alzheimer disease requires the development of multitarget drugs for treating the symptoms of the
disease and its progression. Both cholinergic and monoamine oxidase dysfunctions are involved in the pathological process. Thus, we
hypothesized that the development of therapies focused on these targets might be effective. We have developed and assessed a new
product, coded ASS234, a multipotent acetyl and butyrylcholinesterase/monoamine oxidase A-B inhibitor with a potent inhibitory effect
on amyloid-β aggregation as well as antioxidant and antiapoptotic properties. But there is a need to reliably correlate in vitro and in vivo
drug release data. Methods: We examined the effect of ASS234 on cognition in healthy adult C57BL/6J mice in a model of
scopolamine-induced cognitive impairment that often accompanies normal and pathological aging. Also, in a characterized transgenic
APPswe/PS1ΔE9 mouse model of Alzheimer disease, we examined the effects of short-term ASS234 treatment on plaque deposition
and gliosis using immunohistochemistry. Toxicology of ASS234 was assessed using a quantitative high-throughput in vitro cytotoxicity
screening assay following the MTT assay method in HepG2 liver cells. Results: In vivo, ASS234 significantly decreased scopolamine-
induced learning deficits in C57BL/6J mice. Also, reduction of amyloid plaque burden and gliosis in the cortex and hippocampus was assessed. In vitro, ASS234 exhibited lesser toxicity than donepezil and tacrine. Limitations: The study was conducted in male mice only.
Although the Alzheimer disease model does not recapitulate all features of the human disease, it exhibits progressive monoaminergic
neurodegeneration. Conclusion: ASS234 is a promising alternative drug of choice to treat the cognitive decline and neurodegeneration
underlying Alzheimer disease.

Introduction
Numerous studies have focused on the pathogenic mechan
ism of Alzheimer disease, but our understanding of its patho
physiology is rather limited. Intraneuronal neurofibrillary
tangles (NFTs), together with accumulation of amyloid β
peptide (senile plaques, Aβ), constitute the major neuro
pathological hallmarks of Alzheimer disease.1 Although it is
not clear whether abnormal processing of the amyloid pre

cursor protein (APP) is the initial cause or rather a late event
in the pathophysiology of Alzheimer disease,2 the generation
of Aβ from its precursor protein APP induces oxidative stress
and plays a critical role in the pathogenesis and advancement
of the disease, producing neuronal injury and loss, inflamma
tion and characteristic activation of microglia and astrocytic
cells.3–6 Together with aberrant Aβ deposits in the neuropil, a
genetic basis is essential in influencing the onset and/or
modifying the progression of the disease.7 Genomic factors
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induced by environmental elements and epigenetic phenom
ena might be responsible for Alzheimer disease pathogenesis
leading to premature neuronal death.8 For unknown reasons,
accumulation of insoluble fibrous material progresses from
the entorhinal cortex toward regions involved in cognitive
functions, particularly learning and memory.9,10
In addition to a cholinergic deficit, which correlates with
the severity of cognitive symptoms,10 neuropsychological
symptoms, such as depression and anxiety, often observed
together with cognitive deficits in patients with Alzheimer
disease, suggest that dysfunction of the dopaminergic sys
tems might be further implicated.9,11 Presently, curing the dis
ease continues to be out of reach, and stimulating cholinergic
neurotransmission remains the only successful approach that
improves the cognitive state. In this regard, cholinesterase
enzymes, such as acetylcholinesterase (AChE) and butyryl
cholinesterase (BuChE), are the main targets for a therapeutic
approach. Over the years, many different ChE inhibitors
(ChEIs) have been developed to boost the central cholinergic
transmission, but approved ChEI-based treatments have
proven to provide only transitory and modest recovery in
cognitive impairment without affecting the natural progres
sion or the ultimate outcome of the disease.12
Multitarget disease-modifying drugs, in which a single
molecule is directed to bind multiple sites, have been de
signed as drug candidates with potential to halt the progres
sion of the disease.13 The pivotal role of Aβ in the pathogen
esis of Alzheimer disease and the proven cognitive benefit of
cholinergic system augmentation support the development
of multitarget molecules targeting both the cholinergic sys
tem and Aβ deposits. Activated monoamine oxidase-B
(MAO-B) in the brains of patients with Alzheimer disease has
been shown14 to contribute to the production of free radicals
and oxidative stress observed in the pathogenesis of Al
zheimer disease. In addition to the degeneration of cortical
and hippocampal neurons, Alzheimer disease is associated
with the early and progressive degeneration of monoaminer
gic neurons.15,16 For these reasons, the development of hybrid
drugs that behave as dual inhibitors of both ChEs and MAO
are being actively produced to treat Alzheimer disease symp
toms and potentially slow the disease progression.17–19 In this
regard, we have conceived a compound coded ASS234 (see
the structure in the Methods section),20–22 that is a a multi
potent AChE/MAO inhibitor with the ability to cross the
blood–brain barrier and that shows antioxidant and neuro
protective properties with inhibitory effects on Aβ aggrega
tion.23,24 Beneficial effects of ASS234 have been shown using
the hole-board test.18 To correlate in vitro and in vivo drug re
lease data, we focused on the evaluation of ASS234 as a cog
nitive enhancer in a scopolamine-induced cognitive impair
ment model in C57BL/6J mice. In addition, we tested the
therapeutic potential of ASS234 to dissolve and prevent Aβ
aggregate formation in a transgenic mouse model of Al
zheimer disease, APPswe/PS1ΔE9,25 that exhibited amyloid
pathology associated with progressive monoaminergic neuro
degeneration.26,27 We hypothesized that ASS234 would be a
promising cognitive-enhancing drug that would reduce amy
loid plaque deposition.
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Methods
Chemicals
A new MTDL compound ASS234 (benzylpiperidine-indolylproparglamine molecule; Fig. 1) was synthesized, as de
scribed previously.22

In vivo experiments
All procedures with animals were carried out in accordance
with European Communities Council Directive (2010/63/
UE) on animal experiments under a protocol approved by
the Animal Welfare Committee of the Cajal Institute (Madrid,
Spain) and by the Institutional Animal Ethics Committee of
the Spain Council for Scientific Research (CSIC), adhering to
the recommendations of the European Council and Spanish
Department of Health for Laboratory Animals (R.D.
53/2013). A special effort was made to reduce the number of
animals used in the study, and the number of animals
assigned to each group was to be kept to a minimum
necessary to achieve adequate significance.
Behavioural experiments
For behavioural studies, we used 60 male 8-week-old
C57BL/6J mice (Harlan) weighing 25–30 g.
Memory impairment was induced by the potent antimus
carinic drug scopolamine hydrobromide (0.5 mg/kg, Sigma)
dissolved in saline buffer. To explore the potential of ASS234
as a cognitive enhancer, we administered the hybrid drug at
a dose of 0.62 mg/kg (0.12 mM/kg). We tested the antiam
nesic effect of donepezil (Tocris Bioscience, R&D Systems
Inc.) at a dose of 0.12 mM/kg. Both products, ASS234 and
donepezil, were dissolved in saline buffer containing 3.6%
dimethyl sulfoxide (DMSO; AppliChem). All drug solutions
were independently prepared immediately before their use
and were administered intraperitoneally in 10 mL/kg of
vehicle volume. Different batches of mice were used for each
experiment. The animals were distributed into 6 experimen
tal groups (I–VI): control groups (I, II) consisted of (I) un
treated mice, labelled as “control nontreated” and (II) mice
administered 3.6% DMSO in saline buffer, labelled as “con
trol vehicle”; experimental groups (III–V) consisted of (III)

Fig. 1. New MTDL compound ASS234 (benzylpiperidine-indolylproparglamine molecule).
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mice administered scopolamine dissolved in 3.6% DMSO in
saline buffer, labelled as “scop/DMSO,” (IV) mice coadmin
istered scopolamine plus ASS234, labelled as “ASS234/
scop,” and (V) mice coadministrated scopolamine plus do
nepezil, labelled as “done/scop.” The combined treatments
in groups III–V were given simultaneously, one by one by
using separate sterile needles (25G) and syringe for each
drug. Group VI (n = 6) was conceived to explore the pos
sibility that treatment with ASS234 might have some effect
on naive C57BL/6 mice.
Object recognition task (ORT)
Spontaneous object recognition was tested as described pre
viously,28 with slight modifications. All behavioural experi
ments took place during the light phase of the 12-h light/
dark cycle between 10 am and 3 pm to minimize the influ
ence of circadian rhythm, and they were conducted with the
investigators blind to treatments. Prior to the experiment,
mice were handled individually for several days. The ORT
was performed in a Plexiglas open field square box (40 × 40 ×
40 cm) with black walls and the floor covered with sawdust.
The apparatus was placed in a poorly illuminated (60 lux)
and noise-isolated room, and the mice were randomly placed
in the experimental room 30 min before beginning the experi
mental task each day. The behaviour of the animals (time
spent exploring the objects and overall locomotor activity)
was registered during precise time periods. Briefly, during
the 3 consecutive days preceding the test day, mice were ha
bituated to an empty open field box. On the first day animals
were allowed to explore the apparatus individually for 5 min
in the absence of objects (habituation session). On the second
and third days animals were allowed again to explore the ap
paratus for 10 min in the absence of objects. On the test day,
30 min before the trial session, mice were administered treat
ments as indicated in the previous section and then subjected
to the acquisition trial (T1) and the retention trial (T2). In T1
mice were individually allowed for 6 min to freely explore
2 identical plastic objects placed in the arena, located in sym
metric positions at a distance of about 7 cm away from walls.
Then the rodents were removed from the environment for an
intertrial interval of 1 hr. After the delay period, animals
were returned for 5 min (T2) to the bin where 1 of the ori
ginal objects had been replaced by a novel object (neutral to
naive mice) with a different shape, colour and textures than
the remaining object previously presented in T1 (familiar ob
ject). To score the exploration behaviour of the mice automat
ically, a camera (Panasonic VDR-D 150E) was mounted
above the centre of the arena. The total time spent in active
exploration of each object during T1 and T2 was determined
with a computerized tracking system and image analyzer
(Ethovision XT, Noldus Information Technology) that
tracked the nose, centre and tail points of each mouse.29 As a
criterion of active object exploration, we measured the time
spent by the animal directing its nose to the object at a dis
tance of less than 2 cm and/or touching it with the vibrissae
or nose. Mice exploring the objects for less than 15 s within
the 6-min period of T1 were discarded from experiments;
only mice having a minimal level of total object exploration

of 15 s (novel object plus familiar object ≥ 15 s) during T2
were included in the study. Recognition memory differences
between the familiar and the new objects is operationally de
fined as a recognition index (RI) that corresponds to the pro
portion (%) of time spent exploring the novel object with re
spect to total time spent exploring both the novel and
familiar objects: RI = tnovel ÷ (tnovel + tfamiliar) × 100. To exclude
spatial preferences, mice showing no preference for either ob
ject during T1 (RI = 50%) were used in this study.
Studies on Aβ load and gliosis
We tested the efficacy of ASS234 in lowering Aβ plaque load
and gliosis in vivo using immunohistochemistry (IHC).
Experiments were performed on 10 week-old male APPswe/
PS1∆E9 transgenic mice (n = 14) that were either vehicle con
trol or treated with ASS234 for 16 weeks. A group of mice (n =
8) were treated daily with ASS234 at a dose of 0.62 mg/kg/d
by using ALZET mini-osmotic pumps (ALZET, model 2004)
that were subcutaneously implanted. Pumps were replaced
each 28 days. The control group (n = 6) was treated with vehi
cle: saline buffer containing 3.6% DMSO. Mini-osmotic pumps
are widely used for the study of neurodegenerative diseases.
The dose of ASS234 used in this study has proven effective
cognitive enhancing action in the object recognition test (see
the Results section). In all cases, treatment was initiated at the
age of 10 weeks, as no plaques or very few can be detected at
that age. After 4 months of treatment, subsequent histological
studies were performed following the histochemical pro
cedures described in the sections that follow. During treat
ment, body weight was recorded once a week. We statistically
analyzed the differences between the groups.

Amyloid plaque localization and gliosis
Immunohistochemistry
Experimental animals were processed according to standard
procedures already published by our group.30 Briefly, at the
end of the treatment, the brains were fixed by transcardial
perfusion with 100 mL 4% (w/v) paraformaldehyde in 0.1 M
phosphate buffer (PB), pH 7.4. Afterwards, brains were re
moved, cut into blocks and fixed in the same fixative for 4 h
at room temperature. Brains were then cryopreserved in 30%
sucrose in 0.1M phosphate buffer pH 7.4 overnight at 4ºC.
Then, 30 mm thick coronal frozen sections were obtained
with the aid of a cryostat (Leica CM 1900). Sections were
stored at –20°C in a cryoprotectant solution (30% glycerol
and 30% ethylene glycol in 0.1 M phosphate buffered saline)
until use. Selected free-floating sections were processed using
the avidin–biotin peroxidase complex (ABC) technique to vi
sualize endogenous Aβ with rabbit β-amyloid antibody (Cell
Signalling 1:500), microglia with polyclonal anti-Iba-1 anti
body (Wako 1:500), and glial fibrillary acidic protein (GFAP)
with polyclonal anti-GFAP antibody (DAKO 1:1500). Antirabbit biotinylated secondary antibodies and peroxidaselinked ABC kit were purchased from Vector laboratories.
Light microscopy photomicrographs were taken with a digi
tal camera attached to a bright-field microscope. In addition
to light microscopy IHC, Aβ deposits were also visualized
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cells reached 80% confluency, the medium was replaced with
fresh medium containing 1–1000 µM of ASS234, tacrine and
donepezil, with 0.1% DMSO as a vehicle control (Table 1).

using the thioflavin S staining procedure31 with a fluores
cence microscope.

Quantification of amyloid plaque load and gliosis

MTT assay and cell viability
Cell viability, via the mitochondrial activity of living cells,
was measured using quantitative colorimetric assay with
3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bro
mide (MTT; Sigma Aldrich), as described previously.33 We
analyzed triplicate samples of at least 4 different cultures.

Following 4 months of treatment, mice were sacrificed to pro
ceed with the statistical evaluation of the increase in the num
ber of Aβ plaques and gliosis generated, both in the cerebral
cortex and hippocampus. A selection of sections from experi
mental animals, obtained according to Paxinos and Franklin32
between Bregma levels AP –1.3 mm and –2.20 mm, were pro
cessed (10 sections per case) and then photographed. For sta
tistical analysis, amyloid plaques stained by IHC or thiofla
vin S were photographed at a very low magnification with
the aid of a Nikon Eclipse E400 microscope or a LEICA AF
6500–7000 microscope, respectively. The number of identified
Aβ plaques in microscopy images was obtained using NISElements BR 3.2 Nikon software for IHC or the ImageJ soft
ware for thioflavin S staining. The number of cells positive
for GFAP or Iba-1 in the vicinity of neuritic plaques was also
counted from microscope images taken from histological sec
tions obtained at the same AP levels as those for Aβ plaque
detection (10 sections per case). Images were taken at higher
power (×20) with a Nikon Eclipse 80i microscope connected
to a workstation using Stereo Investigator software. At this
magnification, stained cell bodies were easily identified. To
avoid double counting, cells were counted when their nuclei
were optimally visualized, which occurred usually in a single
focal plane.

Statistical analysis
Mouse behaviour was analyzed by applying a 1-way analysis
of variance (ANOVA), followed by a Bonferroni post hoc test
for multigroup comparisons to compare the data from the ex
perimental groups. In relation to quantitative assessment of
amyloid plaques and gliosis, statistical differences between
2 sets of groups were determined using an unpaired t test.
Comparisons between drugs and control groups in cell via
bility were performed using 1-way ANOVA, followed by a
Newman–Keuls post hoc test. Results are expressed as
means ± standard errors of the mean, and we considered dif
ferences to be significant at p < 0.05.

Results
Robust enhancing effect of single-dose ASS234 on cognition
The effects of drug treatment on mouse behaviour are repre
sented in Figure 2. As expected, scopolamine significantly re
duced the exploratory preference for a novel object in T2.
Scopolamine-induced cognitive deficit was reflected by de
creased RI in comparison with nontreated and vehicle control
groups (p = 0.009 and p = 0.049, respectively; Fig. 2A). In strik
ing contrast, significant increase of the RI, indicating reversal
of memory impairment induced by scopolamine was ob
tained with a single dose of donepezil or ASS234 (p = 0.049
and p = 0.027, respectively). As shown in Figure 2A, the
scopolamine-induced amnesia was consistently reversed by
concomitant administration of donepezil (0.12 mM/kg),
which significantly improved the cognitive performance by
about 13.1% (p = 0.049) compared with the scop/DMSO
group. Administration of ASS234 had similar cognitive effects

In vitro experiments
Culture of HepG2 liver cells and treatment
The human hepatoma cell line HepG2 was kindly provided
by IdiPAZ Institute for Health Research (Madrid, Spain). The
cells were cultured in Eagle minimum essential medium
(EMEM) supplemented with 15 nonessential amino acids,
1 mM sodium pyruvate, 10% heat-inactivated fetal bovine se
rum (FBS), 100 units/mL penicillin, and 100 µg/mL strepto
mycin (reagents from Invitrogen). Cultures were seeded into
flasks containing supplemented medium and maintained at
37ºC in a humidified atmosphere of 5% CO2 and 95% air. For
assays, HepG2 cells were subcultured in 96-well plates at a
seeding density of 8 × 104 cells per well. When the HepG2

Table 1: In vitro viability (%) of HepG2 liver cells by compounds ASS234, donepezil and tacrine*
Culture assay; mean ± SEM
1 mM

3 mM

10 mM

30 mM

100 mM

300 mM

ASS234

93.0 ± 1.45

92.8 ± 2.17

90.8 ± 1.94

89.0 ± 2.63†

87.2 ± 2.11‡

88.3 ± 2.36†

Tacrine

93.4 ± 4.69

90 ± 2.95

88.7 ± 3.42

81.6 ± 4.88†

64.3 ± 4.54§

40 ± 2.20§

Donepezil

98.6 ± 0.62

97.0 ± 1.77

92.4 ± 1.05†

83.5 ± 2.15§

80.0 ± 2.36§

53.4 ± 1.44§

Compound

SEM = standard error of the mean.
*Cell viability was measured as MTT assay reduction, and data were normalized as % control. Data are expressed in triplicate of at least
4 different cultures. All compounds were assayed at increasing concentrations (1–1000 µM).
†p ≤ 0.05 compared with the control group assessed with 1-way ANOVA followed by the Newman–Keuls post hoc test.
‡p ≤ 0.01 compared with the control group assessed with 1-way ANOVA followed by the Newman–Keuls post hoc test.
§p ≤ 0.001 compared with the control group assessed with 1-way ANOVA followed by the Newman–Keuls post hoc test.
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Fig. 2: Effect of combined administration of scopolamine/dimethyl sulfoxide (scop/DMSO), donepezil and ASS234 on (A)
recognition index (RI) and (B) total objects exploration time in T2. Drugs were coadministered 30 min before T1. (A) Significant differences between scop/DMSO and control nontreated groups (**p < 0.01). When compared with the scop/DMSO
group, treatment with either donepezil (done/scop group) or ASS234 (ASS234/scop group) (0.12 mM/kg) reversed the shortterm memory impairment induced by scopolamine (*p < 0.05), suggesting that ASS234 is able to reverse scopolamine-
induced cognitive impairment. The dose chosen for the hybrid drug (0,12 mM/kg) was the same as that of donepezil
(0.12 mM/kg), for comparative purposes. The percentage of the novel object recognition time was evaluated as RI = (tnovel ÷
[tnovel + tfamiliar]) × 100. (B) No significant effect on total exploration time during the test was found after intraperitoneal administration of scop/DMSO, donepezil or ASS234. (C) There were no differences between groups in the latency to first approach
to the novel object. Behavioural data were analyzed using 1-way analysis of variance (ANOVA), followed by a Bonferroni
post hoc test for multigroup comparisons to compare the data from the experimental groups.
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as donepezil at the same dose range (14.1% improvement
compared with the scop/DMSO group, p = 0.027; Fig. 2A),
suggesting that ASS234 exerts its therapeutic effect by enhan
cing natural memory processes. No differences were observed
between groups II and VI (data not shown).
In striking contrast, we found no differences in the total ex
ploration time between the different experimental groups
(Fig. 2B), which correlates well with the fact that donepezil
leads to no difference between treatment conditions in the
level of exploration in T1 or T2.34 As expected, no significant
effect on total object exploration time during the test was
found after intraperitoneal administration of ASS234 or do
nepezil (data not shown). Also, we observed no hyper- or
hypoactivity following ASS234 or donepezil administration.
Characteristically, the different groups of mice did not differ
in the latency to first approach the novel object (Fig. 2C).

Amyloid plaque burden and gliosis were decreased in the
cortex of the ASS234-treated group of APPswe/PS1∆E9
transgenic mice
To determine the effect of ASS234 on Aβ plaque burden at
the end of the treatment, we evaluated the location and num
ber of neuritic plaques throughout the cortex and hippocam
pus using IHC and thioflavin S staining procedures. Charac
teristically, body weight did not differ between the groups
after 4 months of treatment (data not shown). With IHC, we
observed an apparent reduction in the number of neuritic
plaques in the cerebral cortex and hippocampus in ASS234treated transgenic mice compared with vehicle-treated mice
(Fig. 3). Further statistical analysis confirmed the IHC results
(Fig. 4). Cortical plaque deposition was significantly de
creased (unpaired t test, p = 0.002) in ASS234-treated trans
genic mice compared with controls (Fig. 4A). As in the cortex,
Aβ plaque load in ASS234-treated transgenic mice showed a
trend toward a reduction in the hippocampus (Fig. 4B). These
findings indicate that ASS234 has a greater effect on reducing
plaque load in cerebral cortex than in hippocampus of
APPswe/PS1ΔE9 transgenic mice.
As microgliosis and astrocytosis are prominent aspects of
this Alzheimer disease mouse model indicative of neuro
inflammation, 35–38 we identified the effect of ASS234 on
neuroinflammation through the evaluation of the immuno
histochemical distribution of the astrocyte marker protein
GFAP (Fig. 5A, B and E) and of the microglia/macrophagespecific protein Iba1 (Fig. 5C, D and F). Significantly re
duced GFAP and Iba1 immunostainings (Fig. 5E and F, re
spectively) were observed in the cortex of the
ASS234-treated transgenic mice compared with that of con
trols (unpaired t test, p < 0.001), suggesting a beneficial ef
fect of ASS234 on neuroinflammation.

In vitro experiments
The promising results shown above and the fact that anti-
dementive drugs produce side effects, including gastrointes
tinal and hepatic alterations, led us to assess the hepatotoxicity
of compound ASS234. As an example, tacrine treatment for Al
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zheimer disease that was approved by the US Food and Drug
Administration in 1993 was discontinued owing to the hepato
toxicity seen in about 30%–50% of the treated patients.39 Very
recently, Chew and colleagues40 showed that donepezil was
able to induce hepatotoxicity. Toxicity studies of ASS234 along
with donepezil and tacrine were performed in parallel in the
human cell line HepG2. The results showed that the 3 com
pounds reduced cell viability in a concentration-dependent
manner (Table 1). However, at very high concentrations
(100 µM and 300 µM) ASS234 exhibited less toxicity than the
reference compounds donepezil and tacrine.

Discussion
Because cholinergic deficit is a consistent and early finding in
patients with Alzheimer disease, AChE remains a highly via
ble target for the symptomatic improvement in these pa
tients.17 The multifactorial nature of Alzheimer disease indi
cates that use of a ChE inhibitor or MAO inhibitor alone does
not significantly delay or halt disease progression. This is the
reason why synthesis of compounds capable of targeting dif
ferent enzymatic systems related to Alzheimer disease (ChEs
and MAO-A/B) are actively pursued,41 and synthesis of
donepezil-related compounds possessing metal-chelating
properties is strongly supported for the treatment of Al
zheimer disease.42 In a first part of our study we examined
the effect of ASS234 on cognition in healthy adult C57BL/6J
mice in a model of scopolamine forgetting. This study con
firms in vivo cholinergic properties of ASS234 to be as effica
cious in cognition as treatment with donepezil. It is notewor
thy that clinical studies revealed that AChEIs have a small
beneficial effect on amyloid plaque load. We have shown in a
previous study that the potent inhibitory AChE profile of
ASS234 and the presence of the propargylamine group of the
MAO inhibitor reinforces its action against the aggregation of
the most physiologically relevant β-amyloid isoforms.23 Since
mechanisms for memory loss are related to the amount of
soluble Aβ oligomers43,44 and MAO-B is overexpressed in the
brains of patients with Alzheimer disease,14 compounds
showing dual AChE and MAO inhibition with antioxidant
and inhibitory effects on Aβ-aggregation are potential candi
dates for treating the progression of Alzheimer disease.45
Drugs currently developed are site-activated metal-chelators
able to inhibit both AChE and MAO–A/B,17 but this class
of medications has not been established to possess
disease-modifying properties or reduction of dose-related
side effects of AChEIs based on MAO inhibition.
Our group has investigated the effect of the introduction of
a benzyloxy group in a series of acetylenic and allenic deriva
tives of tryptamine that were previously reported to be potent
and selective inhibitors for MAO-B.46 On the basis of this pre
vious work, we have designed novel compounds to act as
dual inhibitors of MAO and AChE, such as the hit compound
ASS234. In vitro, the multitarget compound ASS234 retains
activity against human AChE and BuChE as well as MAOA/B.22–24,47,48 Through inhibition of Aβ1–42 and Aβ1–40 selfaggregation, thus limiting fibrillary and oligomeric species
formation, ASS234 proved to be neuroprotective against Aβ
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toxicity.23,49 We have shown in vitro that ASS234 may have an
impact on different processes involved in Alzheimer disease
pathogenesis.22–24 Whereas our present results do not allow us
to provide data on the molecular mechanisms underlying the
neuroprotective effects of ASS234, we have recently proven in
vitro activation of Wnt signalling by ASS234.49 Potentiation of
Wnt signalling rescues memory loss and improves synaptic
dysfunction in animal models of Alzheimer disease,50 suggest
ing that the Wnt signalling pathway might represent a phar
macological target for the neuroprotective effects of this drug
in APPswe/PS1ΔE9 mice. The possibility that ASS234 can

prevent Aβ-induced GSK3b activation in APPswe/PS1ΔE9
mice should be considered in future research.
Based on these previous findings and the fact that ASS234
crosses the blood–brain barrier,18 we carried out an in vivo
study to get the proof-of-concept of this multitarget directed
ligand for Alzheimer disease.
The present research discusses the effect of an AChE-
BuChE/MAO-A/B inhibitor, ASS234, and the AChE inhibitor
donepezil on acute scopolamine-induced cognitive deficit in
ORT using wild type C57BL/6 inbred mouse strain. The
novel object recognition paradigms in animals constitute a

Fig. 3: Coronal brain sections processed for single detection of Aβ peptide using immunohistochemistry (IHC) counterstained
with Nissl stain. The sections shown are between Bregma levels –1.50 mm and –1.80 mm.32 (C–D) High-power magnifications of
the same transgenic mice shown in panels A and B, respectively. (B, D) Transgenic mice treated with ASS234 apparently show
a much lower number of Aβ plaques in the cortex than (A, C) vehicle-treated control mice. In panels B and D, neuritic plaques
are mainly accumulated in superficial layers of the cortex. Scale bars: A and B: 500 μm; C and D: 50 μm.
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valuable measure of cognition.51 Although scopolamine-
induced deficits in the cholinergic system produce a memory
acquisition deficit that does not replicate or model Alzheimer
disease–like pathology, these deficits do make an appropriate
model for evaluating short-term memory and in vivo effects of
AChEIs. Our results confirm cholinergic properties of ASS234
to be as efficacious as treatment with donepezil. But the pro
posed therapeutic approach is still incomplete and does not
provide data regarding prevention of inevitable neuronal de
generation. Thus, we assessed the effect of ASS234 on amyloid
plaque burden in a fully characterized animal model of Al
zheimer disease useful for preclinical studies.27,35,36,38 The reca
pitulation of amyloid pathology and cognitive deficits as seen
in patients with Alzheimer disease and the relative quick onset
of pathology and symptoms makes the APPswe/PS1ΔE9
transgenic mouse model suitable for investigating Alzheimer
disease–related processes. Our results — that ASS234 treat
ment alleviates scopolamine-induced disruption of acquisition
memory and improves Alzheimer disease pathology in mice
overexpressing APP — provide in vivo data that suggest
ASS234 may limit Alzheimer disease progression.
The APPswe/PS1∆E9 transgenic mice used in the present
study display amyloid deposition at a very early age (10–
12 wk). Histopathologically, this model is characterized by
the presence of extracellular senile plaques consisting of Aβ
peptide in the cortex, hippocampus and other regions of the
brain associated with progressive monoaminergic neuro
degeneration.26 Treatment with ASS234 reduced the number
of neuritic plaques in the cerebral cortex and resulted in a
trend toward a reduction in the hippocampus, as seen with
IHC and thioflavin S staining, the most widely used “gold
standards” for selectively staining and identifying amyloid
fibrils in vivo.31 These differences might be associated with
age and duration of treatment, as previously reported.52
According to the amyloid cascade hypothesis, Aβ peptide
accumulates into plaques, triggering a series of events lead

A

ing to dementia.1 However, this theory fails to explain the
discrepancy between amyloid plaque deposition and cogni
tive impairment in patients with Alzheimer disease.5 Clinicopathological correlation studies and positron emission
tomography amyloid imaging studies have shown that some
individuals can tolerate substantial amounts of Alzheimer
disease pathology in their brains without experiencing de
mentia.5 Although the significance of plaque load for Al
zheimer disease is still under debate and several groups
found the pattern of amyloid plaques to be of limited rele
vance for the neuropathological staging of Alzheimer dis
ease, results from other laboratories showed a strong correl
ation between counts of senile plaques in the hippocampus
and cortex and memory function. Glial activation emerged
as a likely mediator of neurotoxicity and altered cognition,
providing further insight into factors and pathways poten
tially involved in human susceptibility or resilience to Al
zheimer disease.5 Characteristically, patients with dementia
exhibit robust glial activation, which is greatly reduced in in
dividuals without dementia. Microglial activation parallels
Aβ plaque burden in patients with Alzheimer disease and is
thus a characteristic feature of Alzheimer disease progres
sion.53 Untreated transgenic animals exhibited densely Iba1stained microglial cells with thick processes as reported in
transgenic animals.54 The fact that the size and number of
microglial cells are greater in untreated transgenic mice may
underlie that treatment with ASS234 might prevent microg
lial activation. Beyond microgliosis, reactive astrocytes are
the second major component of neuroinflammation in
patients with Alzheimer disease. In response to damage, as
trocytes change from their normal quiescent state into a reac
tive state. This process, called reactive gliosis, is char
acterized by a profound increase in the expression of
GFAP.55 In the APPswe/PS1∆E9 transgenic mice, astrocyto
sis develops in parallel with plaque deposition, with severe
gliosis around 6 months, especially in the vicinity of plaques.
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Characteristically, the number of GFAP-positive cells pro
gressively increases with age in the APPswe/PS1∆E9 trans
genic mice.36 As in the brains of patients with Alzheimer dis
ease, neuroinflammation in the area of amyloid plaques was
observed in mouse models of Alzheimer disease, including
the APPswe/PS1∆E9 transgenic mice, as shown by astrocytic
and microglial reactivity (gliosis)35,36,38 and association be
tween neuroinflammation markers and soluble or insoluble
Aβ or fibrillar amyloid plaque loads.56 To identify the effect
of ASS234 treatment on neuroinflammation, we thus exam
ined whether anomalous astrocytic and microglial activation
in transgenic mice was reversed by ASS234 treatment. We
observed a significant reduction in reactive gliosis after
ASS234 treatment.
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