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Abstract

Alzheimer’s disease (AD) is the most common cause of senile dementia and one of the greatest medical, social, and economic
challenges. According to a dominant theory, amyloid-3 (A{3) peptide is a key AD pathogenic factor. A 3-soluble species interfere
with synaptic functions, aggregate gradually, form plaques, and trigger neurodegeneration. The AD-associated pathology affects
numerous systems, though the substantial loss of cholinergic neurons and «7 nicotinic receptors («7AChR) is critical for the
gradual cognitive decline. A3 binds to «7AChR under various experimental settings; nevertheless, the functional significance of
this interaction is ambiguous. Whereas the capability of low A3 concentrations to activate ®7AChR is functionally beneficial,
extensive brain exposure to high A} concentrations diminishes «7AChR activity, contributes to the cholinergic deficits that
characterize AD. A3 and snake x-neurotoxins competitively bind to «7AChR. Accordingly, we designed a chemically modified
«-cobratoxin (mToxin) to inhibit the interaction between A3 and x7AChR. Subsequently, we examined mToxin in a set of
original in silico, in vitro, ex vivo experiments, and in a murine AD model. We report that mToxin reversibly inhibits «7AChR,
though it attenuates A 3-induced synaptic transmission abnormalities, and upregulates pathways supporting long-term potenti-
ation and reducing apoptosis. Remarkably, mToxin demonstrates no toxicity in brain slices and mice. Moreover, its chronic
intracerebroventricular administration improves memory in AD-model animals. Our results point to unique mToxin neuropro-
tective properties, which might be tailored for the treatment of AD. Our methodology bridges the gaps in understanding
AB-oc7AChR interaction and represents a promising direction for further investigations and clinical development.
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Introduction

Alzheimer’s disease (AD) is a severe neurodegenerative dis-
order characterized by the gradual accumulation of misfolded
proteins and their fragments in the brain, progressive neuronal
loss, and neuroinflammation, followed by the steady and in-
evitable decline in memory and other cognitive functions [1].
Atpresent, AD is an irredeemable pathology presenting one of
the most significant medical, social, and economic challenges.
Despite a century-long laborious investigation, no complete
scientific consensus regarding the causes of AD has been
achieved. Several hypotheses have been proposed; however,
neither of them explains the complexity of AD pathogenesis
or elucidates its etiology.

The cholinergic hypothesis of AD, introduced some
40 years ago, suggests that a dysfunction of cholinergic neu-
rons in the brain contributes to the cognitive decline. From the
time of its initial articulation [2], this theory stimulated sub-
stantial scientific interest and generated widespread continu-
ous debate and controversy [3]. Mounting clinical and exper-
imental evidence has proven the role of cholinergic dysfunc-
tion in the development of AD-associated cognitive decline,
and thus offered a promising treatment approach. In fact, the
most efficient to date treatment strategies and drug develop-
ment approaches have been predicated upon the theoretical
basis of the cholinergic hypothesis. Initial preclinical studies
with cholinomimetic agents, and physostigmine in particular,
in monkeys [4] have been followed by numerous clinical tri-
als, which eventually resulted in the approval by the Food and
Drug Administration (FDA) of Tacrine as the very first drug
targeting memory and thinking problems associated with AD.
Currently, there are three FDA-approved and commonly pre-
scribed cholinesterase inhibitors that relieve the symptoms of
AD-associated dementia [5]. Inhibitors of acetylcholinesterase
decrease the rate of acetylcholine (ACh) breakdown and im-
prove cholinergic neurotransmission, even though their effi-
cacy is noticeably limited [6].

Later discoveries and identification of a cerebrovascular
amyloid protein, also known as amyloid 3 (Af3), which con-
stitutes the principal component of senile plaques [7], led to
the formulation of the amyloid cascade hypothesis that has
become the dominant model of AD pathogenesis for more
than two decades [1]. This theory proclaims that Af3 is a prime
suspect in triggering AD-associated nerve cell damage [8].
This thesis has been guiding the research and development
of novel potential medicines; however, efforts to find efficient
disease-modifying therapy have been of no avail. A cornuco-
pia of potential agents has been trialed, though, with no irre-
futable results. The enormous complexity of AD pathogenesis
and impossibility to detect the precise etiological factor in
many cases of the late-onset AD led a clear paradigm shift
and formulation of alternative hypotheses, which treat AD as a
continuous spectrum of diseases [9] and as a heterogenous

syndrome [10]. This concept paves the way for cardinally
novel and personalized treatment strategies, which include
past achievements together with the latest insights. Here we
propose an original methodology, which is based upon the
two canonical hypotheses of AD. We target cholinergic syn-
apses with an agent that interferes with the interaction between
Af3 and neuronal «7-acetylcholine receptor («7AChR). Of
note, these receptors are highly expressed in the hippocampus,
cortex, and limbic brain areas, and are principally involved in
cognitive functions, sensory information processing, atten-
tion, and reward [11]. A significant reduction in x7AChR
levels is reported in AD patients [12], which strongly supports
the cholinergic hypothesis.

Nicotinic acetylcholine receptors are a family of ligand-
gated ion channels that respond to the neurotransmitter ACh.
To date, 17 different subunits (x1-10, 314, 5, €, and y) have
been identified in humans, which can combine and generate
many subtypes of homo- and hetero-pentameric AChR with
different physiology, pharmacology, and anatomical distribu-
tions [13]. Two major subtypes exist in the brain, namely
those comprised of «7 and those consisting of «432. Of note,
a list of AChR binding molecules, such as nicotine, cytisine,
and epibatidine, demonstrate agonistic properties; however,
several proteins act antagonistically, such as d-tubocurarine,
lophotoxins, and snake «-neurotoxins [14].

o7AChR responds to ACh binding by opening a cations
permeable intrinsic channel, which leads to membrane depo-
larization [15]. Also, «7AChR acts as a metabotropic receptor
that induces several pathways associated with neuroprotection
and synaptic plasticity [16]. The metabotropic effects include
MAPK/ERK, PI3K/AKT signaling pathways activation, and
mobilization of intracellular calcium reserves [17].

A is derived from the amyloid precursor protein (APP)
through sequential cleavage by proteolytic enzymes such as
[3-secretase and y-secretase [18]. Soluble AP oligomeric spe-
cies disrupt synaptic function and induce neuronal loss [19].
Several membrane proteins are capable of binding A and,
therefore, mediate Af3-associated toxicity [20]. Remarkably,
A binds to neuronal «7AChR with high affinity and blocks
cholinergic neurotransmission [21]. This process results in
blockage of «7AChR channels [22], receptor internalization,
gradual intracellular accumulation of A3-x7AChR com-
plexes, which is accompanied by severe impairment of cho-
linergic neurons function [23], and, eventually, neuronal cell
death. Recently, robust data elucidated the intricate interaction
between A3 and «7AChR [24]. It has been shown that Af3
dualistically affects «7AChR channel function and acts as an
agonist and a negative modulator. At high concentrations, Af3
inhibits «7AChR and blocks the channel by acting at an allo-
steric site. However, at low concentrations, A[3 acts as a low-
efficacy agonist, and prolonged exposure to A3 species re-
duces the «7AChR activity, leads to the characteristic cholin-
ergic signaling deficit, and contributes to further development
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of clinical symptoms [24]. It is worth noting that the dual-
mode action of A3 on x7AChR activity is not unique.
Several compounds have been described in the literature that
act in opposite ways at different sites of «7AChR as low-
efficacy agonists or as channel blockers in a concentration
dependent manner [25].

Accumulating data suggest an additional lower affinity A3
binding site, which partially overlaps with the agonist binding
site at «7AChR. According to this model, prolonged exposure
to high concentrations of A3 induces a conformational change
in the receptor, which makes subsequent activation by natural
agonists much less efficient [21, 26].

Snake venom «-neurotoxins bind to «7AchR and compet-
itively inhibit ACh binding, prevent the depolarizing action on
postsynaptic membranes, and block neuronal transmission
[27]. «-Neurotoxins are divided into two major groups ac-
cording to their length, namely short x-neurotoxins, compris-
ing approximately 61 residues, and long o-neurotoxins,
consisting of approximately 74 amino acids, such as o-
cobratoxin (CTX).

Previously, our group has proposed an exclusive binding
mechanism of Af3 to neuronal «7AChR predicated upon se-
quence and structural similarities between A3 and snake o-
neurotoxins [28]. In the current study, we design an original
nontoxic modified snake o-neurotoxin, which, in accordance
with our in silico modeling, interferes with A3 binding to
o«7AChR. We hypothesize that the modified toxin (mToxin)
is capable of preventing some of the deleterious effects of A3
in the brain, which we consequently examine in a series of
in vitro, ex vivo, and in vivo experiments. Additionally, we
shed light upon the molecular mechanism of the mToxin ef-
fects via advanced proteomics and immunohistochemistry
assays.

Remarkably, the modified toxin shows no toxicity in vitro
and in vivo. It partially inhibits «7AChR for a brief period of
several seconds. Moreover, the compound rescues synaptic
transmission deficits by blocking Af3 binding to «7AChR
and thereby improves memory in AD mice.

Our study significantly updates the current knowledge on
the APB-a7AChR interaction. Likewise, it demonstrates the
functional consequences of this interaction from molecular
to cellular and, eventually, cognitive levels. We also discuss
the possible implications these relationships might have for
prospective AD-modifying therapies and suggest a possible
drug design.

Materials and Methods
Snake a-Cobratoxin Modification

Purified snake-venom-derived «-cobratoxin (CTX), a long «-
neurotoxin, was purchased from Latoxan (Portes-lés-Valence,
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France). The toxin was chemically modified with
phenylglyoxal using a protocol described earlier [29].
Introduced by Kenji Takahashi more than 50 years ago as an
efficient arginyl reagent, phenylglyoxal has been applied for
the investigation of complex systems and as a reagent for the
chemical modification of arginine residues in proteins in the
past decade [30]. Phenylglyoxal reacts with the guanido group
of arginine residues under mild conditions. The derivative is
sufficiently stable and decomposes very slowly [30].

Shortly, the toxin (0.05 mM) was incubated for 1.5 h with
an excess of phenylglyoxal (Sigma, St. Louis, Missouri, US)
(100 mM) in a 1-ml alkaline solution containing 50 mM so-
dium pyrophosphate buffer at pH 9. Then, the mToxin was
purified by fast protein liquid chromatography (FPLC) using a
size exclusion column (GE Sephadex 75) with an ammonium
acetate buffer (pH 7). Following purification, the solution was
lyophilized and redissolved in 1 ml of water. The mass of the
mToxin was verified using matrix-assisted laser desorption/
ionization (MALDI) and electrospray ionization (ESI) at the
mass spectrometry unit of Bar-Ilan University (Dr. Rachel
Persky, Department of Chemistry).

In Silico Molecular Modeling Analysis

It has been pointed out that A3 peptide possesses sequential
and structural similarities with the functional residues of «-
neurotoxins. This observation led to the hypothesis that snake
a-neurotoxins competitively inhibit the binding of A3 to the
nicotinic AChR [28]. Consequently, the three-dimensional
model of the complex formed by ol AChR and A3 peptide
has been proposed using homology modeling and docking.
This model provided a rudimentary glimpse into the interac-
tion between a1 AChR and A3 until their complex is empir-
ically elucidated.

Previous studies have shown that chemical modification of
a-neurotoxins with phenylglyoxal dramatically reduces its
toxicity [31]. Here, we aim to test the correlation between
the toxin’s binding score and its toxicity. We utilized our
previously published model (PDB ID ILK1), then virtually
modified toxin arginine residues with phenylglyoxal using
PyMOL software (Schrodinger) [32], and finally reconstruct-
ed their complex with PatchDOCK. In addition, to model the
3D structure of mToxin, we virtually substituted arginine 33
of CTX with phenylglyoxal and reconstructed its complex
with «7AChR-like (PDB ID 1YI5) PatchDOCK.
PatchDOCK molecular docking algorithm is predicated upon
the shape complementarity principles [33], and the standard
server parameters were used to predict protein-protein inter-
actions [34]. This computer simulation assessed modified and
natural toxins by means of their binding to AChRs.
Subsequently, the results were visually examined with
PyMOL.
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Manual Patch Clamp Recording

The effects of the modified toxin upon the function of nico-
tinic acetylcholine receptor in PC12 cell line was tested using
manual patch clamp technology by Creative Biogene Inc.
(Shirley, NY, USA).

PC12 cells expressing «7AChR were cultured in 1640 me-
dium supplemented with 10% fetal bovine serum and 5%
horse serum in a Petri dish. Cells grew in a humidified incu-
bator at 37 °C with 5% CO2. Cells (3%10%) were seeded into
24-well plate with a final medium volume of 500 uL and with
one coverslip in each well and test after incubation about 18 h
(cell density <80%) at 37 °C with 5% CO2.

Nicotinic acetylcholine receptor currents were recorded
with a =50 mV pre-test and then recorded under a holding
potential at =80 mV. The electrophysiological recordings
were obtained under a microscope. The amplifier EPC10
(HEKA Elektronik, Lambrecht, Germany) was used to record
the electrophysiological signal. Data were stored and analyzed
with Patchmaster (HEKA Elektronik, Lambrecht, Germany)
and IGOR Pro (WaveMetrics Inc., Lake Oswego, OR, USA).

Recordings were carried out in extracellular solution com-
posed of 140 mM NacCl, 3.5 mM KCI, | mM MgCl,, 2 mM
CaCl,, 10 mM glucose, 10 mM HEPES, 1.25 mM NaH,PO,
(pH 7.4). Pipette solution: 50 mM CsCl, 10 mM NacCl, 10 mM
HEPES, 60 mM CsF, 20 mM EGTA (pH 7.2, pH adjusted
with CsOH).

PCI12 cells were incubated with a test sample for 30 s. Then
five uM PNU-120596 (Sigma), which is a potent and selec-
tive positive allosteric modulator for the x7AChR that causes
conformational changes in the extracellular ligand-binding
domain similar to those caused by ACh, were co-applicated
with control or test sample.

In order to study the effect of mToxin on «7AChR AR-
R17779 (Sigma) was utilized. This agent is a potent and se-
lective full agonist of these receptors. The test sample was
applied gradually. The test or control solutions flowed into a
recording chamber mounted on the stage of an inverted mi-
croscope via a gravity-fed solution delivery system. Thirty
micrometer ACh served as the internal control. All tests were
performed at room temperature. The following criteria were
used to determine data acceptability: access resistance < 20
M, initial seal resistance > 1 G(, initial peak tail current >
400 pA. Within each recording, the current responses to test
sample addition were normalized to the ACh vehicle control.
Four independent sets of experiments were performed. The
chemicals and equipment used are listed in the supplementary
Table S1.

Amyloid-$ Aging

A short fragment A 3,5 35 (numbers indicate sequence range)
self-associates in a similar manner as the full Af;_4, peptide

and quickly converts to an insoluble 3-sheet structure.
Moreover, Af3,5 35 demonstrates a faster fibril formation rate
than its longer analog and retains the full-length peptide tox-
icity [35].

AP>s5.35 (Sigma) was aged following a previously pub-
lished protocol [36]. Briefly, the peptide was dissolved in
mQ water to 1 mM stock solution and frozen. Twenty-four
hours prior to experiments, the A3 peptide was dissolved to
50 nM in ACSF (EcoCyte Bioscience, Austin, TX, USA) and
incubated at +4 °C for oligomerization.

Ex Vivo Electrophysiology

The experiments were performed using aged wild type
C57BL/6 mice (8—9-month old) (males and females).
Animals were quickly decapitated under sevoflurane anesthe-
sia. Brains were submerged in ice-cold dissection solution
(concentrations in mM: 124 NaCl, 3 KCI, 1.25 NaH,PO,,
26 NaHCO3;, 1.3 CaCl,, 7 MgCl,, and 10 D-glucose, pH
equilibrated with 95% O,—5% CO,). Transverse slices
350 wm thick were cut from each hippocampus using a
vibratome (Leica VT1000S, Germany) and immediately
transferred to a recording solution (composition as above, ex-
cept the CaCl, and MgCl, concentrations, were adjusted to
2.5 and 1.3 mM respectively). Slices were heated to 36 °Cin a
water bath for 40 min, and then kept at room temperature.
Then, they were incubated for 1 h in a control solution
(ACSF), 100 nM mToxin solution, 50 nM A[3,5_35 peptide
or a mixture before transferring to the recording chamber.
During the experiments, slices were perfused by a continuous-
ly flowing (4 ml/min) recording solution at 32-33 °C.

Electrophysiological recordings were carried out using the
SliceMaster system (Scientifica, UK). Field excitatory post-
synaptic potentials (fEPSP) were recorded from striatum
radiatum in area CA1 using glass microelectrodes (1-2 M)
filled with ACSF. Baseline synaptic responses were evoked
by paired-pulse stimulation with a 50 ms interval of the
Schaffer collaterals at 0.033 Hz with a bipolar electrode
(WPI, Sarasota, FL). Test stimulation intensity was adjusted
to evoke fEPSP with amplitude 50% of maximal and was kept
constant throughout the experiment. Long-term potentiation
(LTP) was induced with four 100-Hz trains spaced 5 min
apart. The data were recorded and analyzed by Spike2
(Axon Instr., USA) and SigmaPlot (Systat Software Inc.,
San Jose, CA, USA). For statistical analysis, the data acquired
during the last 5 min of the experiment (116—120 min after
LTP induction) were used. For baseline responses analysis,
fiber volley amplitudes and appropriate fEPSP slopes during
test stimulation were evaluated.

Paired-pulse facilitation (PPF) as a form of short-term syn-
aptic plasticity was assessed at interstimulus intervals (ISIs) of
30, 50, 100, 200, 300, and 400 ms in all groups. The paired-
pulse ratio was determined as the ratio between the second
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pulse-evoked and the first one. PPF ratio was calculated as
PPF=(S2EPSP/S1EPSP), where SIEPSP and S2EPSP are the
slopes of EPSP in response to the first and the second stimuli,
respectively.

Animal Studies

The Institutional Animal Care and Use Committee (IACUC)
of Bar Ilan University reviewed and approved the experiments
on animals conducted in this study and described below (pro-
tocol #32-08-2012).

Toxicity Assay

a-Neurotoxins noncovalently bind to nAChR in skeletal mus-
cles, reversibly block the ACh action at the postsynaptic mem-
brane, inhibit ion flow, which eventuates in paralysis and
death [37]. CTX is extremely toxic with LDs, of about
0.1 mg/kg in rodents [38]. However, the reaction of CTX with
phenylglyoxal has been shown to reduce substantially (up to
98.4%) its lethal activity [31].

Considering the CTX paralytic characteristics, we evaluat-
ed the toxicity of mToxin in a series of behavioral tests. We
doubled the dose that regularly leads to a 50% lethality rate
and administered 0.2 mg/kg of the substance intraperitoneally.
Eight adult male (18-20 g) 2-month-old C57Bl/6 mice were
injected with diluted in PBS toxin solution (0.2 ml per mouse)
or with the vehicle. Twenty minutes after the procedure, the
animals were observed in the open field and tested in rotarod.

In order to assess general exploratory locomotion, the mice
were gently placed into the center of an open field box
(50 cmx50 cm) lit with 40 Ix of light. The animals were
allowed to move freely for 10 min. The total distance moved
by each mouse was recorded by a camera (Noldus®
Wageningen, NL) connected to the EthoVision® software
(Noldus® Wageningen, NL).

We also used a rotarod apparatus ENV-577 M (Med
Associates Inc., St. Albans, VT, USA) to measure motor co-
ordination and fatigue resistance. The speed of rotation was
gradually increasing from 4 to 40 rpm over 3 min. The mice
were placed on the rotating lane of the rotarod, and the timer
was started. Animals could remain on the apparatus until they
fell off or until 3 min had elapsed. Latency to fall was regis-
tered automatically by a photobeam.

AD Mice

In order to study the effect of mToxin in vivo in a murine
model of AD, triple-transgenic mice (3xTg) were acquired
from Jackson Lab (MMRRC stock #34830) and bred in our
animal facility. The mice possess APP Swedish mutation, T-
protein P30IL mutation, and presenilinl mutation, mimicking
the AD-associated pathology, and demonstrate memory
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deficits from 6 months [39]. Of note, female 7-month-old
3xTg mice react better to the various treatments than males
(Salvatore Oddo, personal communication supported by our
results) [40]. Therefore, for the learning and memory experi-
ments, 20 female 7-month-old mice have been divided into
two groups. Additionally, 20 age-matched female C57BL/6
mice were used as nontransgenic wild-type (WT) controls in
all the experiments.

Surgical Procedure

We suspect mToxin does not pass the blood-brain barrier
(BBB); thus, to bypass the barrier, the compound was admin-
istered directly into the ventricles using osmotic minipumps
and cannulae. We applied the same surgical procedure for
cannulation, as described previously [36]. Briefly, the mouse
skull was drilled in accordance with the coordinates: —0.2 mm
caudal, 0.9 mm lateral to bregma. Then, a bent cannula (Alzet)
was slowly lowered into the hole and cemented to the skull
with Loctite 454 (Alzet). Once in place, the cannula reaches
2.5 mm in the dorsoventral direction. Osmotic Alzet-1004
minipumps for 28 days delivery with a pumping rate of
0.11 pl per hour were filled with 100 pl of mToxin solution
(0.05 mM, pH 7.3) or ACSF (Ecocyte Bioscience, USA). The
pumps were placed into a subcutaneous pocket and connected
to the cannulae via a vinyl catheter tube. The timeline of the
experiment, including the treatment and behavioral tests, is
presented in Fig. Sa.

Behavioral Experiments

In order to assess the effects of the treatment with mToxin
upon the cognitive functions in mice, a battery of behavioral
tests was applied. We followed our previously published pro-
tocols and measured the rate of spontaneous alternations in the
single 8-min session Y-maze and performances in the Morris
water maze (MWM) [41]. Trial time was limited to 60 s.

All the behavioral experiments were recorded using a
Panasonic WV-CL930 camera with a Ganz IR 50/50 infrared
panel. The recorded video files were analyzed using
Ethovision XT 10 software (Noldus Information
Technology, Wageningen, Netherlands) by an individual
blinded to the treatment schedule.

Phospho-Proteomics and Gene-Annotation
Enrichment Analyses

Kinexus Antibody Microarray (KAM-900P) analyses were
performed with hippocampal lysates of mice treated with
mToxin and ACSF as described in our previous studies [41,
42]. Briefly, five-six animals from each group were rapidly
decapitated. The brains were carefully removed. Hippocampi
from the left hemispheres were used for microarray analysis.
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Right hippocampi served for western blotting to validate the
proteomics data.

Pooled lysate proteins (100 pg) from each group were co-
valently labeled with a proprietary fluorescent dye combina-
tion. Free dye molecules were then removed at the completion
of labeling reactions by gel filtration. After blocking non-
specific binding sites on the array, an incubation chamber
was mounted onto the microarray to permit the loading of
two samples (one mToxin treated, and one ACSF treated) side
by side on the same chip and prevent mixing of the samples.
Following sample incubation, unbound proteins were washed
away. Each array produced a pair of 16-bit images, which
were captured and subsequently analyzed. A list of proteins
with substantially changed from control (CFC) levels was
generated. Priority leads have been selected with CFC >
90% and normalized intensity value > 1500. Possible leads
were selected with CFC > 60% and normalized intensity value
>1000.

In order to understand biological meaning behind the pro-
teomics data, the pathway enrichment analysis was performed
using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.8. DAVID tool was ap-
plied to uncover the significance of proteomics data and iden-
tify candidate biomarkers. Additionally, the microarray data
were analyzed using a web server for functional interpretation
of gene lists, g:Profiler (http://biit.cs.ut.ee/gprofiler). Finally,
Cytoscape software was applied for the topological analysis
and network visualization of the priority genes.

Western Blot with A11 Antibody

To assess the levels of A3 oligomeric species, the immunore-
activity of the A1l antibody in hippocampal lysates was ex-
amined as described previously [41]. Briefly, the hippocampal
lysates from the phosphor-proteomics assay were analyzed
using a Kinetworks™ Custom Multi-Antibody screen 1.0
(Kinexus Bioinformatics, Vancouver, Canada) in accordance
with the instructions of the manufacturer. The analysis in-
volves resolution of a lysate sample by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and subsequent
immunoblotting using validated antibodies NN198-1 (A11)
and AB-CNO001-1 (beta-actin). The antibodies bound to their
target antigen on the nitrocellulose membrane were detected
using an enhanced chemiluminescence detection system.

Western Blotting with p-ERK1/2 Antibody

Right hippocampi were homogenized in a tissue homogenate
buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM KCl,
0.32 M sucrose, and protease inhibitor cocktail (10 pl for each
1 ml of lysis buffer, Sigma). Protein concentration was deter-
mined with Bradford reagent (Sigma, St. Louis, MI, USA).
Six samples (20 pg) from each group were subjected to SDS-

PAGE and transferred onto a nitrocellulose membrane. The
membrane was blocked for 1 h in 1xPBS with Tween 20 and
5% non-fat milk followed by overnight incubation in 5% bo-
vine serum albumin (BSA) with primary antibodies: anti p-
ERK1/2 (1:1000), Hsc70 (1:3000). Following washing, the
membranes were incubated with dye-conjugated secondary
antibody (LI-COR Biosciences) for 1 h. Membranes were
then scanned on the Odyssey CLx scanner (LI-COR
Biosciences).

TUNEL Assay

The TUNEL methodology involves the separation of
fragmented, low molecular weight DNA from unfragmented,
high molecular weight DNA in a given cell population.
Accordingly, individual apoptotic cells are microscopically
recognizable due to the characteristic appearance of nuclear
chromatin condensation and fragmentation.

After behavioral tests, four mice (each group) were deeply
anesthetized with pentobarbital and transcardially perfused
with PBS (pH 7.4) and, subsequently, with 4% paraformalde-
hyde in PBS. Brains have been collected, fixed with 4% para-
formaldehyde overnight, and cryoprotected in 30% sucrose in
0.1 M PBS for 3 days, which was followed by rapid freezing
in =75 °C isopentane.

The brains were sliced on a Leica (Wetzlar, Germany)
CM3050 S cryostat to produce 25-um thick floating sections.
The assay was carried out using an “In Situ Cell Death
Detection” kit (Roche, Indianapolis, IN, USA), according to
the manufacturer’s instructions. The labeling of DNA frag-
ments was performed on coronal brain sections through hip-
pocampi. Subsequently, the sections were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI).

Four sections per mouse (1.8-2.0 mm posterior to bregma)
were used for the quantitative analysis. The serial sections
were cut at 20-pum intervals throughout the brain. The slides
were viewed under an Axio Scan.Z1 (Zeiss, Oberkochen,
Germany) fluorescent scanner with a x 40/0.95 objective.
The analysis was carried out on the plane-matched coronal
sections. TUNEL-positive objects have been detected with
Zen Blue 2.5 (Zeiss, Oberkochen, Germany) software in the
dentate gyrus circle area with surface of 0.07 mm? and relative
positivity was calculated and presented as a bar-chart.

B-Amyloid, 1-16 (6E10) Antibody Staining

The brain sections were blocked for 1 h in blocking solution
(10% horse serum, 0.3% Triton and 1XPBS), and then incu-
bated with primary antibodies 6E10 (1:100, Biolegend) over-
night at 4 °C. The following day, the slices were washed with
PBS and then incubated for 1 h with secondary antibodies
Alexa 555 (1:200, Invitrogen) at room temperature for 1 h
and DAPI (1:5000, Sigma) for 3 min. Following this, the
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slices were carefully transferred to the slides and mounted
with Shandon Immu-Mount™ solution from Thermo
Scientific (Cat: 990402). 6E10-positive objects have been de-
tected in the hippocampal circle area with a surface of
0.2 mm? with Zen Blue 2.5 (Zeiss, Oberkochen, Germany)
software. Only dense-core A3 plaques with a diameter of 10 +
5 um have been analyzed, and relative plaques density was
calculated and presented as a bar-chart.

Statistical Analysis

GraphPad Prism 8.0.1 (GraphPad Software, La Jolla, CA,
USA) was used for statistical analyses. All results are pre-
sented as means with standard error. The row data were
tested for normality with the Shapiro-Wilk test. To com-
pare treatment groups of each protocol, a two-way analysis
of variance (ANOVA) was used. Bonferroni’s test was
used for multiple comparisons. One-way ANOVA with
Tukey’s multiple comparisons or repeated-measures
ANOVA were used to analyze ex vivo data. The signifi-
cance of the difference between the experimental groups in
western blotting and TUNEL assays was determined using
Student’s ¢ test. P value <0.05 was considered statistically
significant.

ANI\M Phenylglyoxal
HN —»—

8

Results
Characterization of Modified Snake a-Neurotoxin

Purified x-cobratoxin (CTX) was modified with phenylglyoxal
following a previously published protocol [29]. The reaction
(Fig. 1a) resulted in a stable final product, which was tested
via MALDI. The mass spectrum of the product displayed a
distinctive peak at 8397 Da (Supplementary Fig. 1) correspond-
ing to the expected mass of the fully modified o-cobratoxin in
which five arginine molecules are substituted with
phenylglyoxal following the release of five molecules of waters
and protons. (CTX—7821 Da, five molecules of phenylglyoxal
(CsHgO», 134.2 Da)—671 Da, five molecules of water (H,O,
18 Da)—90 Da, five protons (H*, 1 Da)—S5 Da). Therefore, the
chemical reaction with phenylglyoxal successfully modified
CTX in accordance with our prediction. All five arginine resi-
dues are substituted with phenylglyoxal molecules.

In Silico Binding Modeling of CTX and mToxin to AChR
Reveals Similar Interaction Modes

PatchDOCK software predicts protein-protein interactions
and calculates the buried surface area and the binding score
upon complex formation.

c d e
14700~ 2200+
© 14650~ &
8 < 2000~
® o
(o)) - @©
£ 14600 o
= S 1800+
14550~ =
14500 1600

Fig. 1 a Reaction of phenylglyoxal with the arginine moiety in peptides
yields imidazolidine diol. b Overview of CTX (yellow) and mToxin (red)
binding to the complementary acetylcholine-binding protein (AChBP).
Chains A and B of AChBP are colored in green and blue respectively
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PatchDOCK algorithm predicts a similar binding position
of unmodified and modified CTX (mToxin) in the «7ACh-
like receptor binding site (Fig. 1b, ¢). However, modification
of CTX considerably reduces the predicted binding score from
14,676 (CTX) to 14,572 (mToxin) (Fig. 1d). Similarly, mod-
ification of CTX also reduces (from 2026 to 1856 A?) the
buried surface area formed upon complex formation with
o7ACh-like receptor (Fig. le). Both the binding score and
the buried surface area are widely accepted in the literature
to estimate the binding affinity [43].

Interestingly, the highest score of PatchDOCK
corresponded to CTX in the correct orientation, while only
the second highest score of PatchDOCK corresponded to
mToxin the correct position.

The results indicate that mToxin could serve as minimally
toxic inhibitor that negligibly affects receptor function; how-
ever, it still prevents the AP binding via competitive
mechanisms.

mToxin Moderately and Reversibly Inhibits a7AChR at
Nanomolar Range

We took advantage of the whole-cell patch-clamp recording
methodology to investigate mToxin effects upon «7AChR.

a
Ach 30 pM mToxin 50 nM
0 —
.
<
£
24
-3
T T T 1
0 50 100 150 200
Time(s)
Cc
mToxin 50 nM mToxin 50 nM+bungarotoxin 50nM
0.0 - —— ——
054
<
£
-1.04
-1.54
I T T T 1
0 50 100 150 200
Time(s)

Fig. 2 Representative whole-cell recordings from PC-12 cells stimulated
with various agents. a ACh (30 uM) induces a typical brief response.
Application of mToxin does not induce any response. b Potent selective
o7AchR agonist AR-R 17779 (1 uM) mimics ACh (30 uM) and induces
a similar response in the presence of the positive allosteric modulator of

The ACh application (30 M) served as a reference signal
for a more efficient comparison between experiments
(Fig. 2a). All responses were recorded in the presence of pos-
itive modulator PNU-120596 (5 uM) (Fig. 2 b).

Homomeric x7AChR are cation permeable and are effi-
ciently blocked by bungarotoxin. Previous studies established
that the application of 50 nM of natural «-bungarotoxin is
sufficient to completely abolish synaptically evoked action
potentials mediated by «7AChR [44]. Moreover, nanomolar
concentrations of CTX and a-bungarotoxin block in irrevers-
ible manner the nicotinic synaptic response in the hippocam-
pus [45, 46].

We modified CTX and tested its ability to block «7AChR-
mediated currents. First, we examined the reaction to mToxin
(50 nM) without agonist. mToxin alone and in combination
with unmodified o-bungarotoxin did not induce any current in
PC12 cells (0.00%+0.00%) (Fig. 2a, c). Application of the
specific ®7AChR agonist AR-R 17779 (1 uM) induced a
current response similar to the observed with 30 uM of ACh
(121.6 + 24.97%) in the presence of the positive allosteric
modulator of x7AChR, PNU120596. At these concentrations,
AR-R 17779 mimic ACh, and concur with the assumption
that the vast majority of acetylcholine receptors in the hippo-
campus are «7AChR, and not x1AChR. (Fig. 2b).

0.5
0.0 - AR-R 17779 1uM + PNU120596 5uM Ach 30uM + PNU120596 5uM
] T
05
<
£
T .04
1.5
20 T T T 1
0 50 100 150 200

Time(s)

mToxin 50 nM+bungarotoxin 50nM mToxin+AR-R 17779 hydrochloride 1uM

: —

I(nA)

T T T 1
0 50 100 150 200
Time(s)

«7AchR, PNU120596. Note the overwhelming response of «7AChR,
but not of «l AChR. ¢ Natural toxin (a-bungarotoxin) and mToxin do
not induce any current in PC-12 cells. d mToxin reduces (by about 75%)
the amplitude of AR-R 17779-induced currents. Note, that mToxin is a
partial antagonist of «7AChR
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Remarkably, mToxin (50 nM) did not fully block the AR-R
17779 (1 uM) induced currents; though, significantly reduced
its amplitude (25.9349.66%, p=0.002) relatively to ACh (Fig.
2d). Most noteworthy, (in contrast to natural «-neurotoxins),
mToxin partially inhibits «7AChR-associated currents, just
for a brief period of several seconds.

To quantify the «7AChR-mediated currents in relation to
mToxin application as a function of time, we calculated the
activation-inactivation rates of the receptor (Table 1).

Of note, half-activation (AT, ) is the time during which the
current via the channel reaches half of its peak value. Half-
inactivation (decay period) reflects the receptor desensitiza-
tion rate and represents the time during which the current
drops to half of its peak values (D7) [47]. The latter reflects
the acceleration rate of the transition to the receptor’s closed
state.

Table 1 suggest that mToxin (50 nM) application does not
lead to significant changes in the channel activation pattern by
AR-R 17779; however, it substantially (by about fourfold)
extends the decay period (n=4 for each group, mean values
(seconds)=SEM). mToxin may stabilize the open conforma-
tion of «7AChR, hinder channel closure, and prevent receptor
desensitization.

Taking together, these results point to mToxin weak and
reversible inhibitory properties at the nanomolar range. Its
application moderates the ACh-dependent current via the
channel, reduces its amplitude, and prolongs the duration.

mToxin Rescues AB-Induced Impairment of Long- and
Short-Term Synaptic Plasticity in Ex Vivo Model of
Alzheimer’s Disease

In light of our in vitro results, and in order to investigate the
influence of mToxin on presynaptic and postsynaptic mecha-
nisms of neuronal plasticity, we utilized two canonical ex vivo
paradigms. We used brain slices of wild-type animals to mea-
sure paired pulse facilitation (PPF) ratios and long-term po-
tentiation (LTP) of extracellularly recorded field excitatory
postsynaptic potentials (fEPSP), which reflect accordingly
the processes of short- and long-term neuronal plasticity.
Electrophysiological studies were conducted under various
conditions, and measurement was carried out after pre-
incubation with ACSF (control), mToxin, A3, and mToxin
with A3.

Table 1  Activation-inactivation modes of PC-12 cells reaction to ACh,
AR-R 17779, and mToxin application

ACh AR-R mToxin+ AR-R
ATip(s) DTip(s)  ATip(s)  DTin(s)  ATip(s)  Dtipn(s)

1.1£025 1.75+£0.68 0.72+0.11 1.77+0.13 0.69+0.16 6.56+0.33
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PPFs were generated by applying two stimulation pulses
separated by various interstimulus intervals (ISI) ranging from
30 ms to 400 ms. As expected, we observed an inverse corre-
lation between the PPF ratio values and the duration of the
intervals in all experimental groups (Fig. 3c). Moreover, the
differences in PPF values between the groups are inversely
correlated with inter-stimuli intervals (ISI). Remarkably, the
slices treated with mToxin demonstrated the PPF ratio values,
which are substantially greater than in the control and Af3-
treated groups. One-way ANOVA analysis was applied to
compare the means and revealed that the differences are sta-
tistically significant in the groups with ISI of 30, 50, and
100 ms. The most significant difference has been observed
in the group of 30 ms interval. The main effect of the type
of treatment had F5_32=7.445 with p value=0.0006. Tukey’s
multiple comparisons test proved that mToxin treatment sig-
nificantly (adjusted p value=0.0399) improved the PPF ratio
by ~19% compared to ACSF (control) treatment from 1.50
+0.05 to 1.79+ 0.05 (Fig. 3d). Ap-treatment expectedly de-
pressed the PPF ratio values; however, the application of
mToxin rescued the deteriorating effect of A3 from 1.34
+0.04 to 1.68+0.11 (adjusted p value= 0.0115). With long
IST, the main effect of the treatment upon PPF values declined;
however, it was still significant in the experiment with ISI of
100 ms (F332=4.502; p value=0.0096). Multiple compari-
sons test revealed a significant difference (p<0.05) only be-
tween the means of Ap-treated and AR+mToxin treated
groups (Fig. 3e). These results indicate that mToxin improves
synaptic plasticity via presynaptic mechanisms and dimin-
ishes the A[3-associated deteriorating effect upon it.

To examine the long-term plasticity, LTP was recorded
after four 100-Hz trains spaced 5 min apart in hippocampal
slices under the same conditions. Pre-incubation with A3 pep-
tide (50 nM) resulted in a typical substantial impairment of
LTP. These data accord with the current literature [48] and
with our previously published results obtained in the same
paradigm [36]. Likewise, there was no change in baseline
responses within all the tested groups, which is in line with
previous studies proving that A3 has no effect on normal
synaptic functioning on a baseline level [49]. Remarkably,
pre-incubation of slices with a mixture of A3 peptide and
mToxin did not lead to significant changes in E-LTP (252
+13%, p=0.79) compared to control recording from slices
treated with ACSF (Fig. 3a).

The recording continued for 2 h post HFS to assess the
maintenance phase of LTP. Repeated measures ANOVA re-
vealed a very significant (p<0.0001) difference between the
group treated with A3 and mToxin+Af (Fig. 3a). The de-
tailed comparison between all treated groups with one-way
ANOVA proved a significant effect of the treatment upon
the late-phase LTP (Fig. 3b). Of note, LTP recordings from
female brain slices demonstrated very similar patterns
(Supplementary Fig. S2).
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Fig. 3 Improvement of basal synaptic transmission and rescue of
hippocampal LTP with mToxin treatment. a Hippocampal LTP in the
CA1 area. Soluble aged Af inhibited LTP (red tracing) induced by
high-frequency stimulation (HFS, arrow), and was restored by mToxin
(yellow tracing, n = 9) to its control level (blue tracing, n = 9). mToxin

These results point to the multifaceted effects of mToxin on
neuronal activity. HFS triggered a characteristic E-LTP begin-
ning right after the stimulation and depending upon calcium
dynamics and kinases activity. We applied a relatively strong
stimulation protocol with four consequent 100-Hz trains to
induce LTP that lasts for several hours and depends on de
novo gene transcription [50]. Evidently, mToxin effects are
sufficient to cope with AB-induced toxicity and rescue the
deteriorating effect of A3 peptide on long-term synaptic plas-
ticity, which suggests a protein synthesis-dependent
mechanism.

alone had no significant effect on LTP (gray tracing, n=9). b Effects of
A and mToxin on the maintenance phase of LTP, 115-120 min after
HFS. ¢ PPF at different ISI with various treatments, d PPF ratios recorded
at 30 ms ISI. e PPF ratios recorded at 100 ms ISI. *p<0.05, **p<0.01,
##4p<0.001, #p<0.0001

One recent elegant study in a rat model by Goethem et al.
(2019) demonstrated that x7AChR antagonists are capable of
potentiating receptor function, increasing glutamate efflux,
and enhancing hippocampal LTP [51]. Our data accord with
these findings.

Modified Toxin Demonstrates No Toxicity in Mice
CTX is an extremely toxic venom with LD50 of about

0.1 mg/kg [38]. Several decades ago, Yang et al. proved that
the chemical modification of CTX with phenylglyoxal
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substantially reduces its lethal and antigenic activity [47]. In
this study, we assessed the effects of mToxin on locomotion in
mice (Fig. 4). We administered the substance intraperitoneally
in a dose, which should lead to 100% lethality if it were a
natural venom (Fig. 4a). Remarkably, all animals survived
the experiment. Moreover, the procedure did not lead to ob-
servable effects in the animals’ appearance or behavior. The
mice injected with mToxin demonstrated the same behavioral
patterns as the animals injected with PBS. We measured the
total distances traveled by the mice in open field maze. The
Mann-Whitney test did not reveal a significant difference be-
tween the treatment groups (p=0.3429) (Fig. 4b).
Subsequently, the animals were subjected to a rotarod test,
which also revealed no differences (Fig. 4c).

Intracerebroventricular Administration of mToxin Has
No Effect on Memory Acquisition and Recall in Wild-
Type Mice, but Improves Short-Term Memory in
Alzheimer’s Disease Mice

In order to determine the effects of mToxin on learning and
memory in wild-type animals and in AD murine model, we
administered the mToxin intracerebroventricularly and ana-
lyzed the mice performances in various paradigms.

We used Y-maze to assess spatial working memory in re-
lation to the treatment and genotype. We observed significant
improvement in the rate of alternations in transgenic mice
treated with mToxin (p=0.036). Wild-type animals performed
significantly better than transgenic animals (p=0.0068); how-
ever, the treatment had no effect within this group (Fig. 5b).
Moreover, interaction accounts for just 3.1% of the total var-
iance with p=0.23, meaning that there is no interaction effect
between treatment and genotype.

‘We continued behavioral studies with MWM, which is one
of the most widely used tests in behavioral neuroscience. The
mice were trained to find a hidden platform for five conse-
quent days. Wild-type animals performed expectedly better
than the transgenic mice, which accords with our previous
results [41]. Nevertheless, repeated-measures ANOVA did
not reveal a significant effect of the treatment upon the rate
of memory acquisition within the groups (data not shown).
Furthermore, during the test phase, there was no significant
effect (p=0.4) of the treatment upon time spent in the platform
quadrant (Fig. 5¢).

mToxin Attenuates AB-Driven Apoptosis in a Rodent
Model of AD

A substantial acceleration of apoptosis and progressive neu-
ronal cell death are distinctive characteristics of AD pathogen-
esis [52], which have been consistently replicated in murine
models, including 3xTg mice [53]. Notably, the apoptotic
index has been shown to be responsive to various treatments.
We used a standard apoptotic marker TUNEL assay to assess
the mToxin effects on the rate of apoptosis in the AD mice
hippocampi. TUNEL detects DNA degradation via enzymatic
incorporation of labeled dUTP into free 3'-hydroxyl termini
created as a result of DNA fragmentation. Therefore, it is a
relatively sensitive and simple method [45].

We analyzed the TUNEL positivity in the hippocampal
dentate gyri (Fig. 6 a, d). The quantities of fragmented DNA
were diminished following the treatment with mToxin.
Detailed analysis of the apoptotic cells in the dentate gyrus
(Fig. 6b, e) revealed a treatment-associated significant effect
(p=0.013) upon the relative surface area of TUNEL-positive
objects (Fig. 6h).

Fig. 4 mToxin toxicity test in a | Ay
mice. a Experimental design and ‘
timeline of the procedures. L] i r
Animals were injected IP and (=
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rotarod. b The mice traveled the J
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Fig. 6 a, d TUNEL staining in the hippocampi of 3xTg mice screen 1.0 western blot of pooled lysates (four animals each group). h
(40xmagnification). b, e Dentate gyri digitally zoomed-in. ¢, f 6E10 Relative TUNEL-positive surface area (unpaired two-tailed t-test,
staining of 3xTg mice coronal sections detects A3 plaques of various *p<0.05). i Amyloid-f3 plaques’ density in the hippocampi of 3xTg
dimensions (green objects). g Kinetworks™ Custom Multi-Antibody mice (t-test) n=16, four mice
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mToxin Diminishes the Quantities of A Prefibrillar
Oligomers but Not Plaques in the Hippocampi of the
3xTg Mice

Most of the neurodegenerative diseases are characterized by
the brain accumulation of protein aggregates. Recent evidence
indicates a crucial role of soluble amyloid oligomeric species
in synaptic dysfunction, neuronal apoptosis, and brain damage
associated with AD development [46]. To further explore the
impact of mToxin upon AD pathogenesis, we tested the
amount of toxic A3 oligomeric forms in the hippocampal
lysates via traditional immunoblotting methodology.
Remarkably, the treatment resulted in a substantial 36% re-
duction in the levels of All-reactive oligomers (Fig. 6g).

We also pursued the detailed amyloid burden examination
within the brains of 3xTg mice in relation to the treatment and
stained the coronal sections with human APP/A 3-specific an-
tibody. The staining procedure was calibrated to detect extra-
cellular diffuse and dense amyloid plaques. Of note, eight-
month-old 3xTg mice begin to display characteristic A3 ex-
tracellular deposition [39]. Several plaques have been ob-
served in the hippocampi. We analyzed only dense-core Af3
plaques with a diameter of 10 + 5 um, which are the most
common in AD mice [54]. The assay did not detect significant
differences in the amyloid plaques’ density index between the
experimental groups (Fig. 61).

mToxin Induces Neuronal Plasticity-Related Biological
Pathways in AD Mice

Under normal conditions, «7AChR activation by low concen-
trations of A3 triggers signal transduction cascades associated
with synaptic plasticity, neuroprotection, learning, and mem-
ory. It was suggested that the MAPK pathway is mainly re-
sponsible for this phenotype [55].

In order to examine the effects of mToxin at the molecular
level in vivo, we utilized an advanced antibody microarray
assay and western blotting of hippocampal lysates. The assay
revealed dozens of proteins with substantially increased or
decreased levels following the treatment with mToxin. Of
these, 92 were determined as priority leads with >90% change
from control (ACSF treated) and 96 as possible leads with
>60% change (Supplementary Table S2).

[3-Catenin is the protein with the most substantially ampli-
fied (by 434%) treatment-associated levels. Of note, [3-catenin
is a dual function protein involved in regulating cell adhesion
and gene transcription. Moreover, it is strongly implicated in
neuronal synapse regulation and remodeling and is required
for memory consolidation [56]. In addition, our assay detected
an increase of 349% in the protein levels of dual specificity
mitogen-activated protein kinase 1 (MAP2K1), which inte-
grates multiple biochemical signals. This kinase is situated
upstream of MAP kinases and stimulates their activity upon
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activation by various stimuli. As an essential component of
the MAP kinase signal transduction pathway, it is involved in
cellular proliferation, differentiation, and development.
Accumulating evidence points to a central role for translation-
al control by MAPK signaling in long-lasting forms of synap-
tic plasticity and memory acquisition [57]. Another central
kinase, dual-specificity MAPK/ERK protein-serine kinase 2
(MAP2K?2), increased by 174% in levels following the treat-
ment. MAP2K2 is required for autophagy-associated clear-
ance of pathological proteins, including A{3, in neurodegen-
erative diseases [58]. The upregulation of MAP2K2 kinase
activity has been shown to induce neuroprotective autophagy.

Of note, MAP2K2 phosphorylates and consequently acti-
vates extracellular regulated kinases (ERK1 and ERK?2). Our
phospho-proteomics assay revealed that ERK1 phosphorylat-
ed at Y204 demonstrated a 178% increase following the treat-
ment. We validated the phospho-proteomics data acquired by
analysis of pooled tissue samples and tested the levels of
pERK via a standard western blot assay, which confirmed
the direction of change (Fig. 7d). Immunoblotting with anti-
bodies against p44/42 Erk1/2 showed about 80% significant
increment in the brains treated with mToxin.

We used the g:Profiler web server and DAVID tool to
determine the functional annotation of the leads and uncover
the significance of phospho-proteomics data. Using the Kyoto
Encyclopedia of Genes and Genomes (KEGQG) library, we
found that leads were particularly enriched in pathways relat-
ed to synaptic plasticity, cell signaling, and inflammation (Fig.
7a). Bioinformatics analysis of protein-protein interaction
with the CORUM protein complexes annotation database
proved a significant MAPK cascade implication in the molec-
ular machinery responsible for the observed phenotype (Fig.
7b). The Cytoscape App served to visualize the gene-set en-
richment results as a network enrichment map (Fig. 7c).

Of note, together with an increment, the treatment with
mToxin led to a substantial decline in levels of a list of pro-
teins. Several of them are strongly related to neuroinflamma-
tion and astrogliosis. For instance, glial fibrillary acidic pro-
tein (GFAP) phosphorylated at S8 demonstrated a 78% de-
cline (supplementary Table S2). GFAP is a protein highly
expressed in astrocytes that is involved in cell communication
and the functioning of the BBB. Human postmortem studies
report increased quantities of phosphorylated GFAP in AD
brains [59]. This suggests that mToxin reduces the rate of
Ap-driven astrogliosis, which is a characteristic feature of
AD [60].

Discussion
For several decades, A3 has been considered as the key AD

pathogenetic factor triggering complex downstream events,
which eventuate in synaptic dysfunction, neurodegeneration,
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Fig. 7 a g:Profiler pathway enrichment analyses with the KEGG
database. b CORUM protein complexes known for annotated protein
complexes revealed enrichment for B-Ksr1-MEK-MAPK-14-3-3
complex and Ksrl complex (Ksrl, Mek, 14-3-3, Mapk), EGF
stimulated. These protein complexes are enriched for MAPK cascade
and neurogenesis. ¢ Protein-protein interaction network and functional
enrichment for the KEGG pathway with priority leads were visualized

and clinical dementia [1]. Obviously, this simplistic view is
not adequate to explain all the AD-associated phenomena and
must be reconsidered.

One of the most intriguing scientific questions to be ad-
dressed is the dual nature of A activity in the brain.
Indisputably, APP is essential for memory formation in mam-
mals [61]. Moreover, accruing empirical evidence indicates
that in a healthy brain, an APP derivative, A3 protein, medi-
ates learning and memory. It has been shown in a murine
model that hippocampal injection of picomolar concentrations
of exogenous A3 improves memory consolidation [62].

1 1
Controls mToxin Controls mToxin

in Cytoscape. It presented the enrichment results with nodes representing
gene-sets and edges representing protein-protein associations.
Accordingly, these proteins contribute to a mutual function;
nevertheless, they are not necessarily physically binding to each other.
d Western blot analysis of hippocampal lysates of and mToxin treated
mice using p44/42 MAPK (Erk1/2) antibody and Hsc70 antibody. N=6,
*p<0.05 ¢ test

Accordingly, it was suggested that A3 acts differently in the
brain under different conditions. So, physiological picomolar
Af3 content supports essential functions in the healthy brain,
although in AD patients with escalated A levels, it interferes
with normal synaptic function, prompts the formation of
plaques, and eventuates in cognitive decline.

A exerts some of its functions through 7 AChR to which
it binds with high affinity (Fig. 8a) [21]. The mechanism and
biological relevance of this interaction remain enigmatic [63].
An interesting model suggests that synaptic activity triggers
the release of A3, which, consecutively, modulates «7AChR
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Fig. 8 Proposed model of mToxin effects in the brain of AD mice (with
emphasis upon «7AChR function). a The development of AD-like
phenotype in mice is characterized by neuroinflammation, astrogliosis,
gradual A3 deposition, cholinergic deficits due to block of «7AChR by
A oligomeric and fibrillar species, followed by «7AChR
internalization. Also, these processes eventuate in the downregulation
of the MAPK/ERK pathway that exacerbates the cognitive decline. b
mToxin competes with A3 for the binding to x7AChR and modulates
its activity. Also, the treatment leads to a reduction in astrogliosis and
neuroinflammation, which subsequently moderates the APP

activity and leads to improvement in synaptic plasticity and
memory acquisition [64]. Moreover, A3 acts dualistically as
an agonist or antagonist of «7AChR, depending on its
concentration.

In the AD brain, elevated A3 levels interfere with the nor-
mal function of x7AChR. AB—x7AChR interaction under
these conditions aggravates the A3 toxicity via weakening
the «7AChR-dependent neuroprotective signaling [17], leads
to A-receptor complex internalization and plaque formation
(Fig. 8a) [23]. It is noteworthy that «7AChR internalization
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transcription, translation, and processing rates. Likewise, the treatment
eventuates in activation of ERK and memory improvement. Of note,
neuronal nicotinic acetylcholine receptors are located preterminally,
presynaptically, and postsynaptically. ACh released from presynaptic
vesicles diffuse and activate presynaptic «7AChR as well as
postsynaptic, which results in the recruiting of neurotransmitter reserves
and modulation of'its release. Accordingly, PPF demonstrate significantly
improved ratios following the treatment with mToxin. BACE1-f3-
secretase

following A3 binding is preventable via application of «-neu-
rotoxins, such as bungarotoxin (Fig. 8b) [65]. Likewise, Af3-
induced toxicity and T-protein hyperphosphorylation are effi-
ciently avertible by «-bungarotoxin [66]. Accordingly, natural
snake venoms represent an attractive scientific model and a
promising direction for drug development.

In general, x7AChR-selective antagonists are capable of
blocking receptor activation by A{3, which may prevent its
seeding, nucleate deposition, and plaque formation [26]. Co-
administration of nicotinic antagonists attenuates a highly
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potent agonist-like effect of A3 N-terminal fragment upon
nicotinic receptors [67]. Consequently, we hypothesized that
targeting the A3-a7AChR interaction may be an efficient AD
therapy. Considering recent reports, we designed an original
modification of «-neurotoxin to interfere with A3 binding to
«7AChR in a competitive manner. mToxin is a derivative of
o-neurotoxin, CTX, which binds to the x7AChR and inhibits
A binding through mimicry mechanisms [28]. As a member
of the a-neurotoxins family, CTX is highly toxic in mice with
LDsqo of 0.1 mg/kg [38, 68]. In order to reduce toxicity, we
rationally modified its structure and substituted all CTX argi-
nine residues with phenylglyoxal. This methodology has been
described in the literature as an approach that dramatically
reduces the lethality of CTX [31].

We hypothesized that mToxin does not block AChR func-
tion; rather, it acts as a weak competitive modulator that pre-
vents Af3 binding. First, we tested our hypothesis in silico and
evaluated the binding mode of the modified toxin to «7AChR
by using PatchDOCK software. The results prove that adding
a bulk side group to arginine 33 partially prevents the arginine
to insert into the binding pocket but allows ACh binding to the
receptor and its activation.

Notably, the size of the arginine substitution could play an
important role in toxicity, and we speculate that large glyoxal
substitutions would further reduce the toxicity of snake toxins.
Thus, by increasing the size of the arginine substitution, tox-
icity and binding would be reduced, until first all toxicity is
lost, and later all binding is lost through finger I and the C-
terminus of snake «-neurotoxins. Somewhere along this
curve, an optimal modification could be identified, that pro-
tects against snake toxicity, yet does not abolish binding.
Also, the choice of snake a-neurotoxins could play an impor-
tant role in toxic binding, and long «-neurotoxins could bind
more strongly than short o-neurotoxins lacking a C-terminal
tail.

We continued our studies in a series of in vitro experi-
ments. We revealed that mToxin interacts reversibly with
«7AChR and acts as a partial antagonist, which restrains the
«7AChR-related currents for a brief period of several seconds.
It is well-established in the literature that nanomolar concen-
trations of «-bungarotoxin and x-cobratoxin cause an irre-
versible blockade of the «7AChR-mediated currents in the
hippocampus [69]. This interaction is robust and even wash-
ing the primary neurons with a toxin-free physiological solu-
tion for several hours does not result in any recovery of the
ACh-dependent responses, thus pointing to an extremely sta-
ble block by these toxins. Our results indicate that mToxin (in
nanomolar concentrations) only modulates 7 AChR activity
and possesses weak and reversible inhibitory properties.

The electrophysiological activation and inactivation of PC-
12 cells, shown in Fig. 2, suggest that mToxin significantly
decreased the activation and decay periods of nAChR, and
partially reduced channel pore opening and closing. Indeed,

the reduced motion was predicted theoretically, in our earlier
paper with Prof. Michael Levitt, the 2013 Nobel prize laureate
in chemistry [37]. In that paper, we calculated normal modes
of nAChR and its complex with snake alpha-neurotoxins and
found a 30% reduction of twisting motion. This finding was
surprising, as snake toxins were thought principally to occlude
the acetylcholine binding site, and prevent acetylcholine bind-
ing [27]. Here, we showed elegantly that mToxin, which did
not occlude the acetylcholine binding site (i.e., ARR1779 still
binds and opens the receptor), was still capable of partially
immobilizing the receptor twist motion through complex for-
mation, thus confirming our earlier prediction.

In light of the observed effects of mToxin on «7AChR,
which are situated pre- and postsynaptically (Fig. 8a), we de-
signed a set of original experiments to examine the compound
in brain slices in the context of an original ex vivo model of
AD and tested its effects upon numerous synaptic functions.
Recent studies indicated the unique effects of «7AChR inhib-
itors upon receptor activity and memory acquisition. Goethem
etal. (2019) elegantly demonstrated that «7AChR antagonists
potentiate receptor functioning, increase glutamate efflux, and
enhance hippocampal LTP [51]. Remarkably, a low dose of
selective «7AChR antagonist methyllycaconitine improves
cognitive function in rats [70].

In the present study, we first tested a simple form of pre-
synaptic plasticity by measuring PPF at various interstimulus
intervals. This phenomenon is well-studied and related to a
transient increase in the vesicular release probability [71]. Of
note, PPF ratio values are substantially reduced in transgenic
rodent models of AD [72]. Moreover, PPF is diminished in the
aged wild-type mice compared to young animals. Lenart et al.
reported the PPF ratio at a 50 ms interval of about 1.5 in the
six-month-old WT mice [73], which accords with our data
(Fig. 3¢). In our assay, the pretreatment with A3 affected this
index; however, the effect did not reach statistical significance
(Fig. 3d). Of note, the group with mToxin treatment demon-
strated the greatest PPF ratios. Thus, we speculate that
mToxin influences the levels of intracellular calcium (Fig.
8b), which, in turn, increases the vesicular release probability,
even though the mechanism is of this elevation is uncertain.
One recent study by He et al. (2019) demonstrated that
nanomolar concentrations of A3 suppress the release proba-
bility at the synapses in wild-type mice via depletion of phos-
phatidylinositol-4,5-bisphosphate in axons (Fig. 8a) [74].
Therefore, we suggest that the phospholipase C pathway
might be an interesting target for future investigations of
mToxin activity.

To further assess electrophysiological changes associated
with A3 and mToxin treatment, we measured hippocampal
LTP, which is the primary experimental model for investigat-
ing the synaptic basis of learning and memory [75]. We con-
firmed the typical AP inhibiting effect upon LTP; though,
mToxin treatment rescued the Af-induced LTP deficits.
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This effect was very significant in both the initial phase and
the maintenance phase of LTP (Fig. 3a). Our results strongly
suggest that treatment with mToxin rescues the synaptic trans-
mission deficit caused by A3 in the LTP paradigm, which
models long-term synaptic plasticity and underlies the funda-
mental mechanisms of learning and memory in mammals
[75]. Besides, mToxin significantly improves PPF, which in-
dicates the effects of mToxin upon short-term synaptic plas-
ticity. The mechanisms underlying this phenomenon are ex-
clusively presynaptic [76]. Therefore, mToxin acts via com-
plex pre- and postsynaptic mechanisms (Fig. 8b).

Most noteworthy, mToxin shows no toxicity in brain slices
and mice. Its systemic application did not lead to significant
changes in mice locomotive behavior (Fig. 4). Consequently,
we designed an in vivo experiment to test the effects of
mToxin in a rodent model of AD. Since x-neurotoxins do
not pass the BBB, we bypassed the barrier and delivered the
substance directly into the ventricles using osmotic
minipumps. This methodology of chronic slow release en-
sured a constant concentration of the compound in the brain
for about a month. In parallel, wild-type animals underwent
the same procedure and tested in the same behavioral setting.
We evidenced significant improvement in short-term spatial
memory following the treatment with mToxin in AD mice;
however, no effect was observed in the wild-type group. Other
paradigms did not reveal any effect of the treatment upon
memory acquisition and recall in AD mice and as well as in
wild-type animals. In this context, we admit that a relatively
small number of animals participating in the experiments and
a complicated surgery procedure they underwent, increased
variability and substantially limited the success of our behav-
ioral study.

Advanced proteomics assay, combined with bioinformatics
analysis, served to decipher the molecular mechanisms re-
sponsible for the observed phenotype. Previously, another
group applied a microarray assay to demonstrate a significant
down-regulation of MAPK and ERK1/2 in AD brain tissue
compared to control autopsies [77]. Very recently, Zhao et al.
(2020) confirmed that the expression levels of pERK1/2 are
significantly reduced in the brains of 3xTg mice compared to
wild-type animals [53]. The authors demonstrated that treat-
ment with artemisinin stimulated the phosphorylation of
ERK1/2 and subsequent activation of the MAPK/ERK signal-
ing pathway, which eventuated in memory improvement and
reduction of apoptosis in this model of AD. Other reports
support the hypothesis on a definite role of ERK1/2 in forma-
tion, retrieval, reconsolidation, and persistence of memory
[78].

We evidenced, by two assays, a significant increase in the
levels of ERK1/2 and pERK following the treatment with
mToxin. Also, we prove that the activation of ERK is follow-
ed by a reduction in the apoptosis rate. In light of recent find-
ings showing a clear correlation between the memory
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function, brain apoptosis, and levels of pERK in 3xTg mice,
we speculate that this kinase might be responsible, at least
partially, for the phenotype observed in our study. In fact,
other groups have confirmed a serious involvement of
ERK1/2 in o«7AChR-mediated and nicotine-dependent down-
stream signaling [79]. Therefore, this hypothesis is predicated
upon strong empirical evidence.

Additionally, we analyzed the hippocampal levels of the
toxic oligomeric amyloid species in relation to the treatment
with mToxin. We revealed a substantial reduction in the levels
of the toxic dodecamers following the treatment, even though
the amyloid plaques density did not change significantly (Fig.
6g, 1). Of note, activation of «7AChR affects APP processing
by regulating secretase activity. Nie et al. (2010) evidenced a
significant reduction in A3 production following nicotine and
a specific ®7AChR agonist application in vitro [80].
Therefore, improvement in cholinergic signaling due to
mToxin effects could lessen the amounts of amyloid oligo-
mers. Moreover, the APP transcription rate is regulated by
various cytokines, including tumor necrosis factor, which is
secreted by activated microglia and astrocytes. Our proteo-
mics results point to a reduction in astrogliosis and neuroin-
flammation. Then, we speculate that this mechanism is also
possible (Fig. 8b). The extracellular plaque formation is a
gradually progressive process, which lasts for decades in
men and several months in rodent models. Therefore, we sug-
gest that our experimental design with a relatively short treat-
ment and subsequent cross-sectional analysis is insufficient to
induce detectible alterations in the plaque density.

In conclusion, although our experimental design and set-
ting are not optimal, the present study substantially improves
the current knowledge of «7AChR function in the brain.
Moreover, it explicates the functional consequences of AD-
associated, A3-driven cholinergic malfunction from molecu-
lar to cellular and cognitive levels. Here, we emphasize the
complexity of AD pathogenesis together with its extremely
uncertain etiology and indeterminate onset, which, in our
opinion, are the most significant impediments to finding a
competent disease-modifying medicine. Accordingly, we sug-
gest a novel direction in the AD treatment strategy with an
alternative and original drug design. Apparently, mToxin can-
not be a therapeutic agent due to its poor brain bioavailability.
Though, its short but still functional derivatives conjugated
with an efficient carrier could represent promising modulators
of «7AChR function in the brain that are capable of interfer-
ing with the core AD-related pathogenic processes.
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