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Abstract.
Background: Metal-ion-chelation was suggested to prevent zinc and copper ions-induced amyloid-␤ (A␤) aggregation and
oxidative stress, both implicated in the pathophysiology of Alzheimer’s disease (AD). In a quest for biocompatible metal-ion
chelators potentially useful for AD therapy, we previously tested a series of nucleoside 5’-phosphorothioate derivatives as
agents for decomposition of Cu(I)/Cu(II)/Zn(II)-A␤-aggregates, and as inhibitors of OH radicals formation in Cu(I) or Fe(II)/
H2 O2 solution. Specifically, in our recent study we have identified 2-SMe-ADP(␣-S), designated as SAS, as a most promising
neuroprotectant.
Objective: To further explore SAS ability to protect the brain from A␤ toxicity both in vitro and in vivo.
Methods: We evaluated SAS ability to decompose or inhibit the formation of A␤42 -M(II) aggregates, and rescue primary
neurons and astrocytes from A␤42 toxicity. Furthermore, we aimed at exploring the therapeutic effect of SAS on behavioral
and cognitive deficits in the 5XFAD mouse model of AD.
Results: We found that SAS can rescue primary culture of neurons and astrocytes from A␤42 toxicity and to inhibit the
formation and dissolve A␤42 -Zn(II)/Cu(II) aggregates. Furthermore, we show that SAS treatment can prevent behavioral
disinhibition and ameliorate spatial working memory deficits in 5XFAD mice. Notably, the mice were treated at the age of
2 months, before the onset of AD symptoms, for a duration of 2 months, while the effect was demonstrated at the age of 6
months.
Conclusion: Our results indicate that SAS has the potential to delay progression of core pathological characteristics of AD
in the 5XFAD mouse model.
Keywords: P2Y receptors, nucleotides, amyloid-␤ aggregates, metal-ion chelation, neuroprotection, 5XFAD mouse model,
behavioral disinhibition, spatial working memory
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Amyloid-␤ (A␤) peptide is known to form aggregates with zinc and copper ions in vitro [1, 2] and
in Alzheimer’s disease (AD) patients [3]. In addition, dyshomeostasis of zinc and copper have been
implicated in oxidative stress-related neurotoxicity
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in AD [4, 5]. Metal-ion-chelation was suggested
to prevent both metal-ion-induced A␤ aggregation
and oxidative stress [6]. In a quest for biocompatible metal-ion chelators potentially useful for AD
therapy, we previously tested a series of nucleoside
5’-phosphorothioate derivatives as biocompatible
agents for decomposition of Cu(I)/Cu(II)/Zn(II)A␤-aggregates, and as inhibitors of OH radicals
formation in Cu(I) or Fe(II) /H2 O2 solution (Fenton
reaction) [2].
For instance, we identified ATP-␥-S-(␣,␤-CH2 ),
APCPP␥S, as a potent chelator which re-solubilized
A␤40 -Cu(II) aggregates more efficiently than EDTA.
Moreover, APCPP␥S rescued primary neurons
from A␤42 toxicity (IC50 0.2 M). Importantly,
APCPP␥S resisted hydrolysis by ecto-nucleotidases
[7]. These findings demonstrated the potential of
nucleoside-5’-phosphorothioate analogues in general, and APCPP␥S in particular, for AD therapy.
A recent approach suggests that activation of
P2Y-receptors (P2Y-Rs) by endogenous extracellular nucleotides can protect neurons from oxidative
damage [8–10].
P2Y receptors, which are widely expressed in
the nervous system, were suggested to mediate
remodeling following trauma, stroke, ischemia, or in
neurodegenerative disorders [10, 11]. It was hypothesized that ATP, which is released during brain injury,
is correlated with the neuroprotective responses by
its interaction with P2Y-Rs, mainly P2Y1 -R receptor
[13]. P2Y1 -R is also stimulated by ATP-␥-S, ADP␤-S, and 2-SMe-ADP, which were also demonstrated
to enhance neuroprotection [14].
These reports prompted our search for novel and
biocompatible neuroprotectants, acting via purinergic receptors, as well as metal-ion chelation.
Specifically, we have demonstrated that 2-SMeADP(␣-S), designated as SAS (Fig. 1), reduced
reactive oxygen species (ROS) production within
PC12 cells under oxidizing conditions, IC50 0.08
versus 21 M for ADP. Furthermore, SAS rescued
primary neurons subjected to oxidation, EC50 0.04
versus 19 M for ADP. SAS is also a most potent
P2Y1 -R agonist, EC50 0.0026 M. In addition, SAS
is stable in human blood serum, t1/2 15 versus 1.5 h
for ADP, and resists hydrolysis by NPP1/3, two-fold
more than ADP [15].
The potent neuroprotective activity of SAS encouraged us to further explore its ability to provide
protection against A␤ toxicity. Here, we evaluated
its ability to decompose or inhibit the formation of
A␤42 -M(II) aggregates, and rescue primary neurons

Fig. 1. Chemical structure of SAS.

and astrocytes against A␤42 toxicity. Furthermore, we
aimed at exploring the therapeutic effect of SAS on
behavioral and cognitive deficits in a mouse model of
AD, the 5XFAD model.
The 5XFAD model is a widely-accepted mouse
model for AD. This model co-expresses five familial
AD mutations of amyloid precursor protein (APP)
and Presenilin-1 (PSEN1) that ultimately increase
A␤42 generation. 5XFAD mice produce A␤42 almost
exclusively and rapidly exhibit robust plaque deposition proportional to cerebral accumulation of A␤42 .
Amyloid deposition and related gliosis starts at 2
months and reaches a heavy burden mainly in deep
cortical layers and subiculum. Prior to plaque formation, 5XFAD mice accumulate intraneuronal A␤42
that aggregates mainly in large pyramidal neurons of
the aforementioned brain areas. By 9 months, 5XFAD
mice demonstrate marked loss of large pyramidal
neurons in cortical layer 5 and subiculum [16].
At 6 months of age, hippocampal synaptic dysfunctions, such as reductions in long-term potentiation at
Schaffer collateral-CA1 synapses, emerge in 5XFAD
mice. Concomitant with the onset of hippocampal synaptic failures, 5XFAD mice begin to display
impairments in hippocampus-dependent memory
formation at 6 months of age, as evaluated by the
contextual fear conditioning test [17]. Further studies demonstrated that at 4–6 months of age, 5XFAD
mice are impaired in spatial memory as evidenced by
using the Y-maze alternation test [16] and the Morris water maze task [18]. Additionally, at 9 months of
age, 5XFAD mice exhibit anxiety-related behavior in
the elevated plus maze assay [19].
MATERIALS AND METHODS
Materials
SAS was prepared according to Azran et al.
[15]. DMEM medium, glutamine, and penicillinstreptomycin-nystatin were obtained from Biological
Industries, Inc. (Kibbutz Beit Haemek, Israel).
FeSO4 , Cu(NO3 )2 , and ATP were obtained from
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Sigma Chemical Co. (St. Louis, MO). Human A␤42
was obtained from GL-Biochem (Shanghai, China).
Turbidity assays
Freeze-dried monomeric A␤42 was prepared
according to Amir et al. [2] and dissolved in 50 mM
Tris-HCl (pH 7.4) to obtain a 50 M stock solution.
From this solution the following samples of controls
and A␤42 -Zn(II)/Cu(II) aggregates were prepared by
the addition of 50 M ZnCl2 or Cu(NO3 )2 in H2 O:
1) 50 M A␤42 ; 2) 50 M A␤42 -Zn(II)/Cu(II); 3)
50 M A␤42 -Zn(II) and SAS/EDTA (150 M final
concentration); 4) SAS or EDTA at 150 M were
added to 50 M A␤42 -Zn(II)/Cu(II) solution after 1 h.
These samples were incubated at 37◦ C for 4 h to form
aggregates. An 80 L of each of solutions was taken
to UV absorbance at 405 nm and measured every hour
in triplicate. Tris-HCl buffer was used as the blank.
Preparation of primary neuron cultures
As we previously described, newborn rat brains
(one-day-old) were removed under sterile conditions,
the cortex was dissected and separated from the
remaining brain, roughly homogenized by repeating
pippetation, and then trypsinized [20]. The trypsin
was removed from the dissociated cells by centrifugation at 4,000 rpm, and dissociated cells were
plated at a density of 4 105 /mL into 96 multi-well
plates (Nunc, Naperville, IL) that had been precoated with polyornithine (15 g/mL). Cells were
cultured in a serum-free medium composed of a
mixture of Dulbecco’s modified Eagle’s medium
and F12 nutrient (1:1 v/v) supplemented with 10%
B27 (Gibco-BRL), 5% glutamine, and 1% penicillinstreptomycin-nystatin. After 24 h, the medium of the
primary culture of neurons and astrocytes medium
was replaced with a fresh one.
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and astrocytes was treated with 50 M A␤42 in the
presence or absence of SAS for 48 h. After 48 h the
cells were tested for viability by dyeing them with
trypan blue, and counting the vital cells.
Lactate Dehydrogenase (LDH) test
LDH activity was determined as previously
described [21]. Briefly, 25 L of the incubation media
from the trypan blue assay were transferred into a 96well plate, and the LDH activity was determined with
an LDH-L kit (Thermo Electron, Melbourne, Australia). The product of the enzyme (formazan) was
measured spectrophotometrically (Spectrafluor plus,
Tecan, Switzerland) at 30◦ C at 340 nm.
Platelet aggregation testing
Blood from healthy donors, who had not been medicated for at least 15 days, was mixed with 3.8%
sodium citrate (1:9 citrate/blood) incubated with SAS
at different concentrations (0.2, 0.4, 1, 5, 25, 100, and
500 M), and centrifuged (500 g for 15 min) to obtain
platelet-poor plasma. Platelet-poor plasma was subjected to standard coagulation testing (prothrombin
time, partial thromboplastin time, and Fibrinogen)
with the coagulation analyzer ACL TOP 500 CTS
(Instrumentation Laboratory).
Citrated blood from healthy donors was centrifuged (90 g for 15 min) to obtain platelet-rich
plasma (PRP) for platelet aggregation testing, that
was performed using a multi-channel Platelet Aggregation Profiler® model PAP-8E S/W Version 1.0.8
aggregometer (Bio/Data Corp.) Briefly, 225 l of
PRP suspension was maintained at 37◦ C in a siliconized glass cuvette and preincubated for 10 min
with SAS at concentrations of 0, 0.02, 0.04, 0.2, 0.4,
1, 5, 25, 100, and 500 M. Aggregation was initiated
by adding 20 mM of ADP (MoLAB. Germany) and
followed with constant stirring at 900 rpm for 12 min.

Aβ42 preparation
Animals
Amyloid-beta (1–42) oligomers, A␤42 , were prepared according to Amir et al. [2]. Briefly, A␤42
(3 mg) was dissolved in 10 mM NaOH, sonicated for
3 min, and then freeze-dried. The freeze-dried peptide
was dissolved in 1 mM PBS. The mixture was split,
the pH of the samples was adjusted to 7.4, and the
samples were left at RT for 30 min to form oligomers.
To evaluate the formation of oligomers, we measured
the size of A␤42 aggregates by dynamic light scattering (DLS) and TEM. A primary culture of neurons

We used 5XFAD transgenic mice previously
described by Oakley et al. [16]. Hemizygous transgenic mice were crossed with C57Bl/6J breeders.
Genotyping was performed by PCR analysis of
tail DNA. Littermates negative for the APP and
PS1 transgenes were utilized as wild-type (WT)
mice (female, n = 8; male, n = 8). 5XFAD mice of
both sexes were randomly assigned to two groups,
untreated mice (5XFAD) (female, n = 6; male, n = 8)
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and SAS-treated mice (5XFAD+SAS) (female, n = 7;
male, n = 9). The mice were kept in a 12-h light/dark
cycle and had access to food and water ad libitum. Treatment started at the age of 2 months,
and SAS (1 mg/kg dissolved in saline) was injected
intraperitoneally (100 l of solution) every day for
two months. We initiated treatment at 2 months of age
because amyloid deposition and related gliosis starts
at 2 months in the 5XFAD mouse model [16]. Behavioral tests were conducted at the age of 6 months.
We decided to evaluate the behavioral outcomes at
6 months of age since several studies demonstrated
that at this age 5XFAD mice exhibit deficits in contextual and spatial memory as well as anxiety related
behavior [16–19]. All animal experiments and protocols were approved by the Committee for Animal
Research at Tel Aviv University.
Behavioral tests
Elevated plus maze
The elevated plus maze consisted of two anxietyprovoking open (without partitions) arms and two
enclosed (with partitions) arms elevated 80 cm above
the ground. Mice were placed at the junction between
the open and enclosed arms of the plus maze and
allowed to explore for 5 min. The maze was cleaned
with 70% alcohol after testing of each mouse. Time
spent in both open and closed arms was measured using the EthoVision XT 9 software platform
(Noldus, Wageningen, Netherlands).

T and to remain on a submerged platform for 5 s. Mice
had to complete eight out of ten trials without error for
two consecutive days to reach the learning criterion.
Immunohistochemistry and plaque quantiﬁcation
At the end of the experiment, 3 female 5XFAD
mice and 3 female SAS-treated 5XFAD mice were
transcardially perfused, under ketamine/xylazine
anesthesia, with cold saline, followed by
paraformaldehyde 4% in phosphate buffer. The
brains were immersed in 4% paraformaldehyde
for 24 h at 4◦ C followed by cryoprotection in 30%
sucrose for an additional 48 h. The brains were frozen
in chilled 2-methylbutane (Sigma-Aldrich) and later
sectioned into slices measuring 10 m at –20◦ C.
Slides were treated with thioflavin S (SigmaAldrich T-1892), solved in sterile 50% ethanol
to make a solution of 0.01% (w/V) and filtered
before further dilution, as previously described [24].
Briefly, slides were incubated for 8 min in thioflavin
S, washed for 10 min in 80% ethanol and then
10 min in H2 O, and subsequently stained with
DAPI (0.05 mg/ml). For microscopic analysis, Axio
Imager.Z2 microscope (Zeiss, Thornwood, NY) was
used. Number of plaques was quantified in five serial
coronal sections 250 m apart in the hippocampus.
%TioS area was calculated as number of stained
plaques per hippocampal area.
Statistics

Y maze spontaneous alternation test
The Y maze comprised of three white plastic arms
at a 120◦ angle from each other. Each mouse was
situated at the center of the maze and allowed to
freely explore the three arms. The number and the
sequence of arms entered were recorded. Percentage of alternation was calculated as the number of
alternations (entries into three different arms consecutively) divided by the total possible alternations (i.e.,
the number of arms entered minus 2) and multiplied
by 100 [22].

All data are expressed as the mean+SEM. Statistical analyses were performed using a commercial
software (GraphPad Prism 7). Comparison between
two groups were conducted using two-tailed t-test
or one-tailed t-test (solely for the histological analysis). Comparisons between more than two treatment
groups were conducted using either one-way analysis
of variance (ANOVA) or two-way repeated measures
ANOVA, followed by Tukey’s post-hoc test. Statistical significance was considered for p < 0.05 in all
statistical analyses.

Water T maze
The Water T maze assay was adapted from Guariglia et al. [23] The T maze apparatus consists of three
opaque plexiglas arms. Each arm of the T maze was
18.5 cm long, 5 cm wide and 30 cm tall. The pool was
filled with 23◦ C (±1◦ C) water to a depth of 13 cm,
which was 1 cm above the surface of the platform.
Mice were trained to swim to a particular arm of the

RESULTS
SAS inhibits the formation and dissolves
Aβ42 -Zn(II)/Cu(II) aggregates
Both Cu(II) and Zn(II) are released from vesicles of
neurons during synaptic transmission, reaching concentrations as high as 15 M [25] and 300 M [26],
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respectively. This homeostasis is disrupted in AD and
the concentrations of Cu(II) and Zn(II) can rise up
to ∼1 mM [27, 28], and consequently promote A␤
aggregation [1, 29, 30].
Aggregation of A␤-metal ion complexes results in
a turbid solution, which affects the light scattering of
the sample. The difference in the solution’s turbidity
is determined by the absorbance at 405 nm (A405nm )
[31], which indicates the degree of A␤-Cu(II)/Zn(II)
aggregation [31, 32].
Here, we measured the potential of SAS to inhibit
the aggregation of A␤42 -Zn(II)/ Cu(II) in amyloid
beta and M(II)-ion solutions. In addition, we studied
the ability of SAS to disassemble A␤42 -Zn(II)/Cu(II)
aggregates by adding SAS 1 h after mixing A␤42 with
Zn(II)/Cu(II). We compared the activity of SAS to
that of EDTA, a known metal chelator. We revealed
that 150 M SAS inhibited the formation of A␤42 Zn(II) aggregates by 60% and dissolved pre-formed
A␤42 -Zn(II) aggregates by 40% (Fig. 2A). In comparison, EDTA inhibited the formation of A␤42 -Zn(II)
aggregates only by 35% and dissolved A␤42 -Zn(II)
aggregates by 30% (Fig. 2A).
A similar result was obtained for A␤42 -Cu(II)
aggregates. 150 M SAS inhibited the formation of
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A␤42 -Cu(II) aggregates by 57%, and dissolved A␤42 Cu(II) aggregates by 40% (Fig. 2B). In this case,
150 M EDTA was found to be more effective than
SAS for the inhibition of the formation and disaggregation of A␤42 -Cu(II) aggregates (89% inhibition and
80% disaggregation). We also measured the potential
of SAS to inhibit the aggregation of A␤42 alone with
no M(II)-ion by UV measurements and ThT assay,
but no significant inhibition of the A␤42 aggregation
was obtained (data not shown).
SAS rescues primary culture of neurons and
astrocytes from Aβ42 toxicity
Iron chelators have been shown to protect neuronal cells against the pro-apoptotic signaling of A␤
[33]. In order to study the neuroprotective activity
of SAS, we exposed a primary culture of rat neurons and astrocytes to 50 M A␤42 for 48 h with
increasing doses of SAS. We demonstrated that treatment with 5 M SAS resulted in survival of almost
80% of the cells, IC50 = 0.5 M (Fig. 3A) (1-way
ANOVA, F6,33 = 60.2, p < 0.0001; Tukey’s multiple
comparison test, for 50 M A␤42 versus 5 M SAS,
p = 0.0001).

Fig. 2. Decomposition of (A) A␤42 -Zn(II) or (B) A␤42 -Cu(II) aggregates by SAS as compared to EDTA. The assay mixtures (tested
compounds and A␤42 -M(II) aggregates) were: 1) 50 M A␤42 ; 2) 50 M A␤42 -Zn(II)/Cu(II); 3) 50 M A␤42 -Zn(II) + 150 M SAS/EDTA;
4) 150 M SAS or EDTA were added to (A␤42 -Zn(II)/ Cu(II)) after 1 h. The samples were measured at 405 nm, every hour during 4 h
of incubation. The results shown are the mean ± SEM of three independent experiments performed in duplicate. ∗ p < 0.05, ∗∗ p < 0.01,
∗∗∗ p < 0.001, ∗∗∗ p < 0.0001 versus A␤ +Zn/ A␤ +Cu treatment.
42
42
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Fig. 4. Summary of aggregation results of platelets activated by
ADP with different concentrations of SAS. Results represent at
least 3–5 different subjects tested separately. Control: No drug;
Plavix: Clopidogrel at therapeutic range. ∗∗∗∗ p < 0.0001.

Fig. 3. Rescue of neurons from A␤42 toxicity by SAS. A) Primary neuronal cells were cultured in 96-well plates. The cells
were treated with 50 M A␤42 and 0.04–25 M of SAS for 48 h.
Cell viability was measured by dyeing the cells with trypan blue
and counting the vital cells. The results shown are representative
of three independent experiments performed in triplicate. B) The
media of primary neuronal cells subjected to A␤42 , was tested for
LDH level. Samples from this media was transferred into a 96-well
plate together with 100 L of LDH testing reagent. The amount
of LDH released to the extracellular fluid was measured spectrophotometrically at 30◦ C at 340 nm. ∗∗ p < 0.01, ∗∗∗ p < 0.001,
∗∗∗∗ p < 0.0001 versus A␤ treatment.
42

LDH levels, which elevate upon cell death, were
measured in the culture media of the aforementioned experiment. Following treatment with 50 M
of A␤42 , LDH level was elevated by 50% as compared to the control (1-way ANOVA, F6,20 = 9.835,
P < 0.0001; Tukey’s multiple comparison test, for
50 M A␤42 versus control, p = 0.0001). Treatment
with SAS at 1 M reduced the level of LDH to
the basal level (Fig. 3B) (Tukey’s multiple comparison test, for 50 M A␤42 versus SAS at 1 M,
p = 0.0002).
SAS does not cause platelet aggregation
in human blood
Previously we found that SAS is a highly potent
P2Y1 R agonist (EC50 2.6 nM). Furthermore, we have

shown that co-application of SAS and antagonists
of P2Y12 R and P2Y1 R, reduced SAS neuroprotective effect in primary neurons exposed to oxidative
stress [15]. Since P2Y1 R and P2Y12 R are involved
in the process of platelet aggregation [34], we measured platelet aggregation following SAS treatment
in whole human blood versus saline and Clopidogrel
(a drug that inhibits P2Y12 R) controls.
We revealed that platelet aggregation in response
to ADP was significantly decreased with all concentrations of SAS tested. Aggregation inhibition was
compared to values seen in patients taking Clopidogrel at doses of 75–100 mg/day, and was found to be
very effective even at a low dose of 0.02 M (Fig. 4,
F (10, 35) = 120, p < 0.0001).
These results suggest differential effect of SAS
on P2Y1 R in neurons and platelets, with an agonist
effect on neurons but antagonist effect on platelets.
Thus, SAS acts as a potent anti-human platelet agent
comparable to Clopidogrel at therapeutic doses.
In addition, we found that SAS at all tested concentrations (0.2–500 M) did not significantly affect
prothrombin time, activated partial thromboplastin
time, and fibrinogen concentration, suggesting SAS
does not affect blood coagulation. Moreover, no
hemolytic effect of SAS was detected in whole human
blood (data not shown).
SAS treatment prevented behavioral disinhibition
in 5XFAD mice
We studied the therapeutic potential of SAS on
cognitive and behavioral deficits in 6-months old
5XFAD mice, following two months of SAS treatment (1 mg/Kg/day) initiated at the age of 2 months.
First, we utilized the elevated plus maze to exam-
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Fig. 5. SAS treatment prevents behavioral disinhibition of 5XFAD mice in the elevated plus maze. A, B) Percentages of duration of time
spent in open arms versus total (open and closed arms). A) Female mice: WT, n = 8; 5XFAD, n = 6; 5XFAD+SAS, n = 7. B) Male mice:
WT, n = 8, 5XFAD, n = 8; 5XFAD+SAS, male, n = 9. Error bars represent SEM. ∗ p < 0.05. WT: wild-type; 5XFAD: untreated 5XFAD mice;
5XFAD+SAS: SAS-treated 5XFAD mice.

ine behavioral disinhibition previously observed in
male [19] and female [35] 5XFAD mice. In order
to assess motor function and exploratory activity
we measured the number of arms entered during
the test. 5XFAD mice (female and male) did not
significantly differ in the number of arms visited
during the test compared to wild-type (WT) control mice and SAS–treated 5XFAD mice (Female:
1-way ANOVA, F2,18 = 1.673, p = 0.2156; Male: 1way ANOVA, F2,22 = 0.02965, p = 0.9708, data not
shown). Female 5XFAD mice spent significantly
more time exploring the anxiety-provoking open
arms compared to wild-type (WT) control mice,
indicating decreased anxiety, or behavioral disinhibition (Fig. 5A) (1-way ANOVA, F2,18 = 5.814,
p = 0.0113; Tukey’s multiple comparison test, for WT
versus 5XFAD, p = 0.0296). Similarly, male 5XFAD
mice explored the anxiety-provoking open arms for a
longer duration compared to WT mice, however, this
result did not reach statistical significance (Fig. 5B)
(1-way ANOVA, F2,21 = 4.279, p = 0.0276; Tukey’s
multiple comparison test for WT versus 5XFAD,
p = 0.2646). SAS-treated 5XFAD mice (female and
male) spent significantly less time exploring the
anxiety-provoking open arms, indicating intact performance in the elevated plus maze following SAS
treatment (Fig. 5A, B) (Female: Tukey’s multiple
comparison test for 5XFAD versus 5XFAD+SAS,
p = 0.0141; Male: Tukey’s multiple comparison test
for 5XFAD versus 5XFAD+SAS, p = 0.0214).
SAS treatment prevented spatial working memory
deﬁcit in 5XFAD mice
The Y-maze spontaneous alternation test is a
common test for examining hippocampus-dependent

spatial working memory in mice [22, 36]. 5XFAD
mice (female and male) did not significantly differ in the number of arms visited compared to
WT mice and SAS–treated 5XFAD mice (Female:
1-way ANOVA, F2,18 = 2.075, p = 0.1546; Male: 1way ANOVA, F2,22 = 2.306, p = 0.1232, data not
shown), indicating normal motor function and
exploratory activity. Female 5XFAD mice did not
show a decrease in alternation behavior compared to WT mice (Fig. 6A) (1-way ANOVA:
F2,18 = 2.423, p = 0.117; Tukey’s multiple comparison test, for WT versus 5XFAD, p = 0.3249).
Nevertheless, male 5XFAD mice demonstrated a significant decrease in alternation behavior compared to
WT mice, indicating impaired spatial working memory. Importantly, SAS treatment prevented loss of
normal alternation behavior in male 5XFAD mice
(Fig. 6B) (1-way ANOVA: F2,22 = 4.999, p = 0.0162;
Tukey’s multiple comparison test, for WT versus
5XFAD, p = 0.021; for 5XFAD versus 5XFAD+SAS,
p = 0.0463).
Interestingly, female 5XFAD mice took significantly more training days to reach the learning
criterion compared to WT mice (Fig. 6C) (1-way
ANOVA: F2,18 = 3.978, p = 0.0371; Tukey’s multiple
comparison test, for WT versus 5XFAD, p = 0.0458).
SAS treatment decreased the number of training days
it took female 5XFAD mice to reach the learning
criterion (2.7d versus 4d), though this result did not
reach statistical significance but a strong trend toward
significance (Fig. 6C) (Tukey’s multiple comparison
test for 5XFAD versus 5XFAD+SAS, p = 0.0731).
In contrast, male 5XFAD mice did not exhibit a
significant increase in the number of training days
required to reach the learning criterion compared to
WT mice (Fig. 6D) (1-way ANOVA: F2,22 = 0.9855,
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Fig. 6. SAS treatment ameliorates spatial working memory deficits. A, B) Percentage of alternation is calculated as number of triads including
entries into all three arms/maximum possible alternations (total number of arms entered –2)*100. C, D) Number of training days required to
reach the learning criterion. A,C) Female mice: WT, n = 8; 5XFAD, n = 6; 5XFAD+SAS, n = 7. B,D) Male mice: WT, n = 8, 5XFAD, n = 8;
5XFAD+SAS, male, n = 9. Error bars represent SEM. ∗ p < 0.05. # p = 0.0731. WT, wild-type; 5XFAD, untreated 5XFAD mice; 5XFAD+SAS,
SAS-treated 5XFAD mice.

p = 0.3891; Tukey’s multiple comparison test, for WT
versus 5XFAD, p = 0.4736).
Effect of SAS treatment on amyloid plaques
At the end of the behavioral assesment, 3 female
5XFAD mice and 3 female SAS-treated 5XFAD mice
(6 months old) were sacrificed and their brains were
taken for tissue analysis as an evaluation of the effect
of SAS on amyloid plaque burden. We quantified
amyloid deposition using thioflavin S staining in the
hippocampus. SAS-treated 5XFAD mice showed a
very strong trend toward a decrease in the number of
thioflavin S-positive amyloid plaques (Supplementary Figure 1) (t4 = 2.128, p = 0.0502).
DISCUSSION
The main features of AD include amyloid
plaques, neurofibrillary tangles [37], oxidative stress
[38], and neuroinflammatory processes [39]. Previously, we found that nucleoside 5 -phosphorothioate

analogues, ATP-␥-S and especially ADP-␤-S, effectively dissolved A␤40 -Cu(I) and A␤42 -Cu(II)/Zn(II)
aggregates [2]. Recently, we found that nucleoside
5 -phosphorothioate analogue SAS, reduced ROS
production in PC12 cells under oxidizing conditions,
rescued primary neurons subjected to FeSO4 oxidation and helped maintain the normal morphology of
the neurons undergoing oxidative insult [15]. The ion
chelating properties of SAS encouraged us to apply
it for targeting an AD pathological feature, namely,
metal-ion induced-A␤ aggregation. A␤42 and A␤40
are the most common forms of A␤ in brains of AD
patients [40]. However, A␤42 has a higher tendency
to aggregate than A␤40 due to its two hydrophobic terminal residues, and was found to be more
toxic to neuron cells [41–43]. The aggregation of
A␤40/42 is further accelerated by Cu(II) and Zn(II)
[1, 2, 29, 30].
Here, we used the rapidly precipitating A␤42 Cu(II)/Zn(II) aggregates to assess the ability of SAS
to inhibit and dissolve A␤-metal-ion aggregates. We
found that 150 M SAS inhibited the formation of
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A␤42 -Zn(II) aggregates 2-fold more efficiently than
EDTA and was more efficient for dissolution of these
aggregates. However, EDTA was more effective for
inhibiting the formation of A␤42 -Cu(II) and for dissolving these aggregates than SAS. Indeed, EDTA
binds Cu(II) ions 200-fold stronger than Zn(II) ions
(K = 6.3·1018 and 3.1·1016 , respectively) [44, 45].
Although SAS did not inhibit the aggregation of A␤42
alone (with no M(II) ions), the inhibition effect in the
presence of M(II) ions is more relevant and probably
mimics the pathological feature.
Encouraged by these data, we explored whether
SAS can rescue neurons from A␤42 -induced cell
death, using primary mixed culture of rat astrocytes
and neurons. By measuring the percentage of vital
cells and LDH levels, we showed that SAS markedly
improved the cell viability of this culture.
Our previously reported results suggest that in
addition to its antioxidant activity (i.e., inhibition
of Fenton reaction), SAS also activates P2Y1 -R and
P2Y12 -R [15]. Earlier studies showed that ATP and
P2Y1 receptor agonist, 2-methylthio-ADP, protect
cultured astrocytes against H2 O2 toxicity, by activation of P2Y1 receptors. It was suggested that
activation of P2Y1 receptors coupled to Gq/11 upregulates oxidoreductase genes [46].
P2Y receptor activation in vitro is reported to be
protective by antioxidant and antiapoptotic actions.
However, in vivo studies showed that P2Y receptor blocking in models of brain damage resulted
in improved outcome. The contradictory evidence
regarding the role of P2Y receptors in neuropathological conditions was recently thoroughly reviewed
[47]. As opposed to cellular models, animal models involve interactions between different cell types,
including neurons, astrocytes and microglia which
contribute to the pathogenesis of neurodegenerative
diseases. Using selective antagonists, we have shown
that the neuroprotectant activity of SAS involves activation of both P2Y1 -R and P2Y12 -R in primary mixed
culture of rat astrocytes and neurons [15]. The role of
in vivo purinergic receptors activation by SAS, within
brains of 5XFAD mice, warrants further exploration
in future studies.
Importantly, in addition to the role of P2Y1
and P2Y12 -R in neuroprotection, they also play a
role in blood coagulation. Studies using selective
P2Y1 -R antagonists confirmed its involvement in
adenine-nucleotide induced platelet shape change
and aggregation [48]. Likewise, the physiological
role of P2Y12 receptor in aggregation response to
ADP is well established [49, 50]. These findings
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raised the question whether SAS may have adverse
effects on blood coagulation. Hence, we evaluated the
effect of SAS on human blood. We found that not only
did SAS not induce platelet aggregation up to 500 M
but rather effectively inhibited platelet aggregation in
response to ADP (the natural agonist of P2Y1/12 -R).
Thus, the question of the lack of P2Y1/12 -R agonist activity of SAS in blood platelets remains open.
We speculate that it may be related to the ability
of P2Y receptors to form homo- or heterooligomers
with each other or interact with other receptors in
neurons and glia cells [47], thus resulting in different pharmacological effect in blood compared to the
brain.
To further explore the therapeutic potential of SAS
in AD, we used the widely-accepted AD mouse
model, 5XFAD, that demonstrates behavioral and
cognitive deficits. We showed that administration of a
low dose of SAS (1 mg/Kg/day) for two months, initiated at the age of two months, prevented behavioral
disinhibition and deficits in spatial working memory
in 6-month-old 5XFAD mice.
Previous studies have shown that both female [35]
and male [19] 5XFAD mice exhibit behavioral disinhibition in the elevated plus maze paradigm. Indeed,
in our study both sexes demonstrated behavioral
disinhibition indicated by spending longer time in
the anxiety-provoking open arms. Remarkably, SAS
treatment completely prevented the emergence of this
defected phenotype in both female and male 5XFAD
mice.
The most commonly used paradigms for working memory in rodents are maze tasks which require
spatial working memory to navigate properly. The
earliest variants of these are the Y-maze and T-maze
alternation tasks, which are rather simple tests consisting of three arms with a single intersection. These
tasks rely on the natural exploratory behavior of
rodents and exploit the inherent tendency of animals
to choose an alternative arm over an arm that has been
previously explored on consecutive trials [51].
Previous studies reported impaired alternation performance in the Y-maze in 5XFAD mice as early as
4-5 months [16]. Here, we demonstrate that male, but
not female, 5XFAD mice exhibit deficits in alternation performance in the Y-maze. Importantly, SAS
treatment prevented the deficit in spatial working
memory in these mice. In contrast, only female
5XFAD mice showed impaired alternation performance in the T-maze test. SAS treated 5XFAD female
mice exhibited markedly improved spatial working
memory in the T maze alternation test. Similar to our
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work, previous studies have shown sex differences
in terms of behavioral and biochemical changes in
5XFAD mice [52–54]. For example, Devi et al. [53]
revealed that amyloid plaque formation was accelerated specifically in the female 5XFAD hippocampus
following 5-day exposure to restraint stress. This finding may explain, at least in part, sex-specific cognitive
deficits found in our study, as only female 5XFAD
mice showed impaired performance in the “wet” Tmaze task which is a relatively stressful test that
involves swimming compared to the “dry” Y maze.
Deshpande et al. previously demonstrated that a
local increase in the concentration of zinc as a result
of synaptic activity may attract and facilitate aggregation of A␤ oligomers at the synaptic cleft [55].
Preclinical studies have shown that Clioquinol, an
8-OH quinoline with moderate affinity for zinc and
copper, inhibits metal-induced A␤ aggregation in
a transgenic mouse model of AD [56], and that
PBT2, an 8-OH quinoline that lacks iodine, induced
an improvement in learning and memory in transgenic models of AD [57]. Moreover, clinical studies
provided encouraging data concerning the safety, efficacy and biomarkers findings of PBT2 in targeting
A␤ as a therapeutic intervention for AD [58–60].
Notably, the 5XFAD mice were treated at the age
of 2 months, before the onset of AD symptoms, for a
duration of two months, while the effect was demonstrated in the age of 6 months. Thus, our results
indicate that SAS has the potential to delay the progression of the cognitive decline and behavioural
disinhibition which are core pathological characteristics of AD.
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