1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Alzheimers Dis. Author manuscript; available in PMC 2020 April 26.

-, HHS Public Access
«

Published in final edited form as:
J Alzheimers Dis. 2019 ; 72(4): 1097-1117. doi:10.3233/JAD-190849.

Granisetron alleviates Alzheimer’s disease pathology in TgSwDI
mice through calmodulin-dependent protein kinase II/cAMP-
response element binding protein pathway

Sweilem B. Al Rihanil, Renny S. Lan?, Amal Kaddoumil3

1Department of Drug Discovery and Development, Harrison School of Pharmacy, Pharmacy
Research Building, Auburn University, Auburn, AL, 36849

2Department of Biochemistry and Molecular Biology, Biomedical Research Building, College of
Medicine, University of Arkansas for Medical Sciences, Little Rock, AR 72205

3Center for Neuroscience Initiative, Auburn University, Auburn, AL, USA

Abstract

Alzheimer’s disease is characterized by a compromised blood-brain barrier and disrupted
intracellular calcium homeostasis in the brain. Therefore, rectifying the blood-brain barrier (BBB)
integrity and restoring calcium homeostasis could provide an effective strategy to treat
Alzheimer’s disease. Recently, we developed a high throughput-screening assay to screen for
compounds that enhance a cell-based BBB model integrity, which identified multiple hits among
which is granisetron, a Food and Drug Administration approved drug. Here, we evaluated the
therapeutic potential of granisetron against Alzheimer’s disease. Granisetron was tested in
C57BI/6J young and aged wild-type mice, and in a transgenic mouse model of Alzheimer’s
disease namely TgSwDI for its effect on BBB intactness and AB-related pathology. Our study
findings showed that granisetron enhanced BBB integrity in both aged and TgSwDI mice. This
effect was associated with an overall reduction in amyloid-p load and neuroinflammation in
TgSwDI mice brains. In addition, and supported by proteomics analysis, granisetron significantly
reduced amyloid-p induced calcium influx in vitro, and rectified calcium dyshomeostasis in
TgSwDI mice brains by restoring calmodulin-dependent protein kinase 11/cAMP-response element
binding protein pathway, which was associated with cognitive improvement. These results support
granisetron repurposing as a potential drug to hold, slow and/or treat Alzheimer’s disease.
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Background

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and form of
dementia, which accounts for more than 60-80% of all cases worldwide [1]. According to
the 2018 world Alzheimer’s report, someone develops dementia every 3 seconds with about
50 million people living with AD, a number that is expected to increase to 132 million by
2050 [2]. AD alone kills more than breast cancer and prostate cancer combined [3].

Several neuropathological hallmarks of AD have been recognized since Alois Alzheimer’s
description of the disease over a century ago. While the major cause remains unknown, AD
is described clinically by the gradual deterioration in cognitive function and memory loss,
leading to slow and progressive behavioral changes [4]. The pathological characteristics of
the disease are the presence of extracellular amyloid-p (AB) deposition in brain parenchyma
as senile plagues and in vessels as cerebral amyloid angiopathy (CAA), intracellular
neurofibrillary tangles (NFTs) composed of hyper-phosphorylated tau protein deposits, and
the shrinkage of the cerebral cortex due to extensive neuronal loss [5]. In addition, AD is
characterized by a chronic brain inflammation, elevated intracellular calcium (Ca*2), and a
disrupted blood-brain barrier (BBB) [6-9].

To date, drug discovery and development in AD has been largely unsuccessful in finding any
disease modifying treatment. Currently approved medications for AD only address its
symptoms once they have reached the stage of clinical dementia. Two classes of medications
are available, the cholinesterase inhibitors and N-methyl-D-aspartate (NMDA) antagonists.
Besides, numerous AD clinical trials have failed for several reasons including the lack of
extent in molecular targets of new treatments, which have predominantly focused on
amyloid to provoke disease modification [4]. Thus, there is an urgent need to find disease-
modifying therapies that will prevent, delay the onset and/or slow the progression of AD.

One important therapeutic target is the BBB. Current evidence suggests that aging,
cerebrovascular damage, and/or Ap or tau accumulation can induce BBB dysfunction by
affecting different components of the neurovascular unit [5,10-14]. BBB disruption not only
causes neuronal damage, but also compromises Ap clearance, which could result in a
vicious cycle between Ap accumulation and BBB dysfunction during AD progression.
Therefore, to maintain a healthy and/or restore the BBB function could provide a novel
approach to prevent or treat AD. Recently, we have developed a cell-based BBB model with
CAA characteristics to high-throughput screen (HTS) thousands of compounds to identify
drugs that enhance the BBB model integrity and restore its function against Ap toxicity [15].
Among the hit compounds, granisetron emerged as a potential drug to protect the BBB
model against A toxicity. Granisetron, a 5-hydroxytryptamine-3 (5-HT3) receptor
antagonist, is widely used to treat chemotherapy-induced nausea and vomiting [16]. 5-HT3
receptor is a ligand-gated ion channel that increases intracellular cations such as calcium (Ca
*2), sodium and potassium. Stimulation of 5-HT3 receptor induces rapid and transient
depolarization and excitation of neurons, and 5-HT3 receptor antagonists, such as
granisetron, directly decrease depolarization and elevation of intracellular Ca*2 by blocking
the receptor [17].
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The overall objective of this work is to evaluate the therapeutic potential of granisetron
against AD. To investigate this objective, in vitro and in vivo studies in young and aged
wild-type mice as well as in AD mouse model were performed. Proteomics analysis of
young and aged mice brains was also performed to examine the proteomic response to

granisetron.

Materials and methods

Materials

Antibodies

Cell culture

Granisetron HCI was purchased from TCI America (Portland, OR). Texas red-Dextran 10
KDa and FITC-Dextran 40 KDa, bovine serum albumin (BSA) and Thioflavin-S (Thio-S)
were purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was
purchased from Atlanta Biological (Flowery Branch, GA). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Gibco (Grand Island, NY), Fluo-4 Direct™ Calcium
Assay Kit was purchased form ThermoFisher Scientific Inc. (Waltham, MA). Total protein
measurement reagents with the bicinchoninic acid (BCA) method were obtained from Pierce
(Rockford, IL). Choline/Acetylcholine assay kit was purchased from Abcam (Cambridge,
MA). All other chemicals and reagents were of analytical grade and were readily available
from commercial sources.

Antibodies against light chain LRP1 and BACE1 were obtained from Abcam, P-
glycoprotein (P-gp) monoclonal antibody (C219) and Alexa-fluor 488-labeled 6E10 human-
specific anti-Ap antibody were purchased from BioLegend (San Diego, CA). Zona-
occludin-1 (Z0O-1), claudin-5, occludin and BDNF were purchased from ThermoFisher.
Junctional adhesion molecule-1 (JAM-1), actin, tubulin, glial fibrillary acidic protein
(GFAP), insulin degrading enzyme (IDE), MMP-9, RAGE, neprilysin (NEP) and
Fluorescein-conjugated donkey anti-lgG were purchased from Santa Cruz Biotechnology
Inc (Santa Cruz, CA). HRP-labeled secondary anti-rabbit and anti-mouse antibodies were
purchased from Invitrogen (Carlsbad, CA), HRP-labeled secondary anti-goat antibody was
purchased from R&D systems (Minneapolis, MN). Nicastrin, cCAMP-dependent protein
kinase (PKAC), IP3 receptor, phospho-IP3 receptor (Serl756), CREB, phospho-CREB
(Ser133), caspase-3, Bcl-2, aCaMKII, phospho-CaMKII (Thr286) and calbindin D28K were
purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-collagen-1V antibody
was purchased from Millipore (Burlington, MA). Specific antibodies against soluble APPa
(sAPPa) and soluble APPB (SAPP) were purchased from Immuno-Biological Laboratories
(Minneapolis, MN). Synaptic markers, PSD-95 and SNAP-25 antibodies were purchased
form GeneTex, Inc. (Irvin, CA) and Synapsin-1 antibody was purchase from Cell Signaling
Technology, Inc. (Danvers, MA). Secondary antibodies used for collagen-1V were either
CFL594-conjugated donkey anti-rabbit IgG (Santa Cruz Biotechnology) or goat anti-rabbit
IgG (H+L) F(ab")2 fragment, CF™350 from Sigma-Aldrich.

The mouse brain endothelial cells (bEnd3; ATCC, Manassas, VA), passage 27-33, were
cultured in DMEM growth medium supplemented with 10% FBS, and the antibiotics
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penicillin G (100 units/ml) and streptomycin (100 g/ml). Cells were grown to confluence in
75 cm? cell culture flasks for one to two days in a humidified atmosphere (5%C04/95% air)
at 37° C. Neuronal cultures were prepared from SH-SY5Y cell line transfected with APP695
(hereafter SH-SY5Y-APP). Cells were maintained in DMEM media supplemented with 10%
FBS containing geneticin (Gibco) added at 400 pg/ml to SH-SY5Y-APP cells. Cultures were
maintained in a humidified atmosphere (5% CO,/95% air) at 37°C and media were changed
every other day.

Calcium flux measurement

Animals

Cells were plated at 100,000 cells/cm? in 96-well black-walled clear bottom microplates
(Costar® 3603; ThermoFisher). Twenty-four hours later, cells were treated with 50 pl media
(control) or 50 pl media containing granisetron in a final concentration of 5 and 10 uM for
24 h. To determine effect on Ca*2 flux, cells were loaded with the fluorescent Ca*2 sensor
Fluo-4 Direct for 30 min at 37 °C, 5% CO,, and then equilibrated to room temperature for
another 30 min. Fluorescence intensity was measured at excitation and emission
wavelengths of 490 and 520 nm, respectively, for baseline (10 reads at 32-s intervals)
followed by another 10 reads after AP, addition (final concentration of 2 uM) as described
preciously [18]. Cytation™ 5 cell imaging multi-mode reader (BioTek Instruments, Inc.,
Winooski, VT) was used. Ca*2 flux values (AA /) were expressed as the difference between
mean baseline and immediately following Ap application.

All animal experiments and procedures were approved by The Institutional Animal Care and
Use Committee of the University of Louisiana at Monroe and according to the National
Institutes of Health guidelines Principles of laboratory animal care. Wild type C57BI/6 male
mice at age of 4 months, representing the young group, and 18 months, representing the
aged group, and TgSwDI transgenic mice at age of 4 (a CAA/AD mouse model) were
purchased from Jackson Laboratories (Bar Harbor, ME). TgSwDI mice express human APP
under control of Thy 1.2 neuronal promoter harboring double Swedish mutations and the
Dutch and lowa vasculotropic Ap mutations leading to early and aggressive Ap
accumulation associated with inflammatory astrocytes activation and cognitive decline. In
the brain of TgSwDI mice, AP begins to accumulate at age 2 to 3 months and deposits
extensively at age of 12 months [19]. All mice were housed in plastic cages under standard
conditions, 12-h light/dark cycle, 22°C, 35% relative humidity, and ad /ibitum access to
water and food.

Animals’ treatment

To evaluate the effect of granisetron on the BBB integrity, young (4 months) and aged (18
months) wild type mice were divided into 2 groups each, control and treatment groups (n=7
mice/group). Treatment groups of young and aged mice received 3 mg/kg/day granisetron
and the control groups received sterile distilled water as vehicle for 28 days using ALZET®
(DURECT Corporation, Cupertino, CA) osmotic minipumps (model 1004). Granisetron
dose was selected based on previous reports used granisetron in the range of 0.1-10
mg/kg/day to test its effect against several diseases/conditions other than nauseas and
vomiting [20-24]. Based on these reports and for a proof-of-concept, in the current study
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granisetron at 3 mg/kg/day dose was used to evaluate its effect against AD. Pumps were
implanted subcutaneously by making a small cut in the midscapulary region to insert the
pump, and closing the wound with clips as previously described [25]. Pumps delivered 100
ul of solution at a rate of 0.11 pl/h for 28 days. For TgSwDI mice experiments, mice (4
months old, male) were divided into two groups (n=5 mice/group), control group received
sterile water as a vehicle administered intraperitonially (IP), and treatment group that
received 3 mg/kg/day granisetron administered IP for 28 days. During the treatment period,
animals’ body weights were monitored every week, the average mouse weight was 27+3 g
and 28+2 for the wild type aged control and granisetron treated groups, respectively. For
young wild type mice, the average weight was 24+2 g and 23+3 g for control and
granisetron treated groups, respectively. In addition, the average body weights of TgSwDI
mice during the treatment period were 24+2g for control group compared to 25+2 g for
granisetron group. Health status and normal behavior were checked daily with no observed
side effects.

Florescent tagged-Dextran to monitor BBB permeability in wild type young and aged mice

At the end of treatment period, vehicle and granisetron treated mice were intravenously (1V)
injected with 100 pl solution of two different molecular size florescent tagged dextran; 10
kDa Texas-red dextran and 40 kDa FITC-dextran (20 mg/ml of each dextran dissolved in
0.9% saline) through the mice tail vein as previously reported [26]. Four hours after the
injection, mice were deeply anesthetized with ketamine (100 mg/kg)/xylazine (12.5 mg/kg)
cocktail IP. Mice were transcardially perfused with heparinized-PBS using a peristaltic
pump (Harvard apparatus, Holliston, MA) for 4-5 min until the PBS starts to run clear from
the right atrium cut as described previously [27]. Brains were then collected for
immunochemical and biochemical analysis.

Brain microvessels extraction

Brain microvessels were isolated from the brains of young and aged wild type mice, and
TgSwDI mice as described previously [28]. In brief, freshly isolated brain hemispheres were
immediately homogenized in ice-cold DPBS (2.7 mM KCl, 1.46 mM KH2PO4, 136.9 mM
NaCl, 8.1 mM Na2HPO4, 0.9 mM CaCl2, and 0.5 mM MgCI2 supplemented with 5 mM D-
glucose, 1 mM sodium pyruvate, pH 7.4). Brain homogenate samples were added to 30%
ficoll in 1:1 volume, mixed thoroughly and centrifuged at 5800x g for 15 min at 4°C.
Supernatant was discarded and pellet-containing microvessels was gently re-suspended in
ice-cold DPBS containing 1% BSA and collected by separation over glass beads containing
column. Microvessels adhered to glass beads were collected by gentle shaking followed by
centrifugation. Pelleted microvessels were lysed in radioimmunoprecipitation assay (RIPA)
buffer containing 1% protease inhibitor and were used for Western blot analysis.

Western Blot analysis

Twenty-five micrograms of protein samples were loaded and resolved using 10% SDS-
polyacrylamide gel at 140V for 1 h and transferred electrophoretically to P\VDF membrane
(Millipore) at 300 mA for 3 h at 4°C. Nonspecific binding was blocked by pre-incubation of
the PVDF membrane in PBS solution containing 1% skimmed milk with rocking for 1 h at
room temperature followed by overnight incubation at 4°C with primary antibodies. Primary
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antibodies used to immunoblot bEnd3 cells lysate and isolated microvessels proteins are P-
gp (C-219), LRP1 (light chain), ZO-1, claudin-5, occludin, JAM-1 and B-actin. For brain
homogenate samples, primary antibodies used are SAPPa., SAPPB, PSD-95, SNAP-25,
Synapsin-1, Iba-1, GFAP, IDE, neprilysin, MMP-9, RAGE, BACE-1, IP3 receptor-1,
phospho-1P3 receptor (Ser1756), CREB, phospho-CREB (Ser133), PKA-c, Nicastrin,
caspase-3, Bcl-2, aCaMKIl, phospho-CaMKII (Thr286), calbindin D28K, BDNF, B-actin,
and B-Tubulin. Secondary antibodies used were: HRP-conjugated anti-mouse 1gG secondary
antibodies (1:1000 dilutions) for P-gp, PSD-95, SAPPa, claudin-5, p-actin, IDE, Bcl-2 and
B-tubulin; HRP-conjugated anti-rabbit IgG secondary antibodies (1:1000 dilutions) for
LRP1, SNAP-25, GFAP, neprilysin, IP3 receptor, phospho-IP3 receptor (Serl1756), CREB,
phospho-CREB (Ser133), caspase-3, aCaMKII, phospho-CaMKII (Thr286), calbindin
D28K, BDNF, sAPPpB, ZO-1, occludin and JAM-1. Proteins’ blots were developed using a
chemiluminescence detection kit (SuperSignal West Femto substrate; ThermoFisher). Bands
were visualized using ChemiDoc™ MP Imaging System (Bio-Rad Hercules, CA, USA) and
quantified by densitometric analysis using Image Lab™ Software V.6.0 (Bio-Rad).

Immunohistochemical analysis

Brain sections of 16 um-thick were prepared using Leica CM3050S Research Cryostat
(Buffalo Grove, IL, USA); mice hemispheres were snap-frozen in dry-ice cold liquid 2-
methylbutane (Sigma-Aldrich) and stored at —80°C. Subsequently, sections were fixed by
incubation in methanol or 10 min at —20°C. Sections were washed 5 times in PBS and
blocked in PBS containing 10% donkey serum for 1 h at room temperature. Immunostaining
was performed for brains hippocampi of the wild type young and aged mice and TgSwDI
mice. The entire hippocampus region was included in the analysis spanning the dentate
gyrus and CA1-CA3 regions. To assess 1gG extravasation from brain microvessels, sections
were probed by dual immunohistochemical staining for collagen 1V and mouse IgG using
rabbit anti-collagen-1V and fluorescein-conjugated donkey anti-1gG (both at 1:200 dilution),
respectively. The secondary antibody used for collagen-1V was CFL594-conjugated donkey
anti-rabbit 1gG. For dextran extravasation, brain sections from young and aged wild type
mice were fixed and blocked, as described above, incubated with the rabbit anti-collagen-1V
at 1:200 dilution, then probed with CF™ 350 goat anti-rabbit IgG (H+L) secondary antibody
for collagen-1V. For total Ap detection, TgSwDI brain sections were immunostained with
Alexa-fluor 488 labeled 6E10 human-specific anti-Ap antibody at 1:200 dilution. For
detection of Ap-plague load in hippocampus, the brain tissue sections were stained with a
freshly prepared and filtered 0.02% Thio-S solution in 70 % ethanol for 30 min followed by
incubation in 70% ethanol, as described previously [29]. For reactive astrocytes, TgSwDI
sections were probed with rabbit anti-GFAP polyclonal 1gG at 1:100 dilution followed by
anti-rabbit IgG-CFL594 secondary antibody. For each treatment, image acquisition was
performed in 10 tissue sections spanning the hippocampus, each separated by 150 um (total
of 40 sections per mouse). Total Ap load and Thio-S were captured and quantified at a total
magnification of 4X, GFAP, 1gG and dextran extravasation images were capture at a total
magnification of 20X. Quantification of fluorescence intensity was performed using
ImageJ® version 1.6.0 software (Research Services Branch, National Institute of Mental
Health/National Institutes of Health, Bethesda, MD) after adjusting for threshold. All images
were visualized using Nikon Eclipse Ti-S inverted fluorescence microscope (Melville, NY).
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Human AB40 and AB42 determination by ELISA

To quantitatively extract soluble Ap from TgSwDI mice brain, 150 mg of brain tissue was
polytron homogenized in diethylamine (DEA) buffer (50 mM NaCl and 0.2% DEA), with
complete mammalian protease inhibitor (Sigma-Aldrich) and centrifuged at 21,000g for 45
min at 4°C. Supernatants were collected and analyzed for AB4q and A4, brain levels using
commercially available ELISA Kits according to the manufacturer instructions
(ThermoFisher). All samples were run at least in triplicates and corrected to the total protein
amount in each sample using BCA assay.

Analysis of brain acetylcholine levels

Acetylcholinesterase (AChE) activity in TgSwDI mice brains” homogenates was determined
indirectly by measuring acetylcholine (ACh) levels. For this, we used choline/acetylcholine
assay kit from Abcam. Samples from brain homogenates were processed according to the
protocol provided by the kit and detection of choline was performed fluorometrically at
excitation/emission of 535/590 nm. This assay measures free choline and total choline (free
choline and ACh). Thus, ACh level can be determined as follows: ACh = total choline — free
choline.

Behavioral testing

The Morris water maze (MWM) test was performed for TgSwDI mice to assess learning and
memory performance at the end of the treatment using protocols similar to those described
previously [30]. All mice underwent training 3 times a day for 4 consecutive days. The
platform was kept at the same quadrant during the entire course of the experiment. Mice
were required to find the hidden platform utilizing the distal spatial cues available in the
room. Conditions were maintained the same during all the experiments. An overhead camera
connected to a computerized tracking system (SMART 3.0 Platform, Panlab Harvard
apparatus (Holliston, MA)) was used to record the movements of the mice. The results
including latency and swimming distance were collected and used for statistical analysis.

Sample preparation for tandem mass tagging labeling and proteomic analysis

Three of each granisetron-treated mice and control mice were used for proteomic experiment
in both age groups. Proteins in tissue lysate were reduced, alkylated, and digested using
filter-aided sample preparation (FASP) based on our previous method with a minor
modification [31]. Tissues were lysed and solubilized in lysis buffer containing 2% SDS,
100mM Tris-HCI pH 7.6, 0.1M DTT. Protein extracts were alkylated using FASP in 50mM
iodoacetamide in 8M urea, 100 mM Tris-HCI pH 8.5. Proteins were then digested with
sequencing grade porcine trypsin (Promega, Madison, WI). Digested peptides were cleaned
by 50 mg Sep-Pak SPE (Waters Milford, MA). Resuspended tryptic peptides were then
labeled using a tandem mass tag 6-plex isobaric label reagent set (Thermo, Rockford, IL)
following the manufacturer’s instructions. Aged and young mice were grouped into two
different TMT experiments. The combined samples of each TMT experiment were cleaned
by 50 mg Sep-Pak SPE immediately before offline high pH fractionation.

For the offline high pH fractionation, labeled peptides were separated into 13 fractions on a
100x1.0 mm Acquity BEH C18 column (Waters, Milford, MA) using an UltiMate 3000
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UHPLC system (Thermo) with a 40 min gradient from 99:1 to 60:40 buffer A:B ratio under
basic pH conditions, and then consolidated into 13 super-fractions. Buffer A = 0.1% formic
acid, 0.5% acetonitrile; buffer B = 0.1% formic acid, 99.9% acetonitrile. Both buffers
adjusted to pH 10 with ammonium hydroxide for offline separation. Each super-fraction was
then further separated by reverse phase Jupiter Proteo resin (Phenomenex, Torrance, CA) on
an in-line 200 x 0.075 mm column using a nanoAcquity UPLC system (Waters Corporation,
Milford, MA). Peptides were eluted using a 60 min gradient from 97:3 to 67:33 buffer A:B
ratio described above. Eluted peptides were ionized by electrospray (2.15 kV) followed by
mass spectrometric analysis on an Orbitrap Fusion Tribrid mass spectrometer (Thermo)
using multi-notch MS3 parameters. MS data were acquired using the FTMS analyzer in top-
speed profile mode at a resolution of 240,000 over a range of 375 to 1500 m/z. Following
CID activation with normalized collision energy of 35.0, MS/MS data were acquired using
the ion trap analyzer in centroid mode over a range of 400-2000 m/z. Using synchronous
precursor selection, up to 10 MS/MS precursors were selected for HCD activation with
normalized collision energy of 65.0, followed by acquisition of MS3 reporter ion data using
the FTMS analyzer in profile mode at a resolution of 30,000 over a range of 100-500 m/z.

Protein identification and quantification

Proteins were identified and reporter ions were quantified using MaxQuant (Max Planck
Institute of Biochemistry, Martinsried, Germany; version 1.5.8.3) with a parent ion tolerance
of 3 ppm, a fragment ion tolerance of 0.5 Da, and a reporter ion tolerance of 0.01 Da.
Scaffold Q+S (Proteome Software Inc., Portland, OR; version 4.8.5) was used to verify
MS/MS based peptide and protein identifications as well as to quantitate TMT Label Based
Quantitation and data analysis. Peptide identifications were accepted if they could be
established at greater than 8.0% probability to achieve an FDR less than 1.0% by the
Scaffold Local FDR algorithm. Protein identifications were accepted if they could be
established at greater than 51.0% probability to achieve an FDR less than 1.0% and
contained at least 2 identified peptides. Protein probabilities were assigned by the Protein
Prophet algorithm 2 and to perform reporter ion-based statistical analysis.

Ingenuity pathway analysis and bioinformatics analysis

Normalization was performed iteratively (across samples and spectra) on intensities by
Scaffold Q+S, as described in Statistical Analysis of Relative Labeled Mass Spectrometry
Data from Complex Samples Using ANOVA and medians were used for averaging 3.
Spectra data were log-transformed, pruned of those matched to multiple proteins, and
weighted by an adaptive intensity-weighting algorithm. Of 102146 spectra in the experiment
at the given thresholds, 77419 (76%) were included in quantitation. Differentially expressed
proteins were determined by applying Mann-Whitney Test with significance level P<0.05
corrected by Benjamini-Hochberg. To further understand the biological events in relation to
the treatment, the entire complement of proteins that were statistically significantly different
(FDR<0.05) between treatment and control groups containing 2 fold up- or down-regulated
proteins were analyzed by Ingenuity Pathway Analysis version 42012434 (Ingenuity ®
Systems, www.ingenuity.com, Mountain View, CA). Right-tailed Fisher’s exact test was
used to calculate the P value in the canonical pathway. Calcium pathways-related protein
networks analysis with differently expressed proteins were evaluated.
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Statistical analysis

Results

Data are presented as box-and-whisker plots representing median and interquartile range
(IQR), with minimum and maximum values of n=7 mice/group for wild type mice and n=5
mice/group for TgSwDI mice. The experimental results were statistically analyzed for
significant difference using Student’s t-test for two groups and one-way ANOVA for more
than two-group analysis. For behavior studies, two-way ANOVA with Bonferroni post-hoc
analysis was used. Values of P < 0.05 were considered statistically significant. Data analyses
were performed using GraphPad Prism, version 6.0. In the figures, the fold change for
control groups was calculated by dividing each control value on the average of all control
mice values for a specific protein. Treatment values were then normalized to control (1.0).

Effect of granisetron on endogenous IgG and exogenous dextran extravasations across
the BBB and on the expression of BBB tight junction proteins

Effect of granisetron on BBB leakiness was evaluated by immunostaining. As shown in Fig.
1, the extravasation of 10 KDa Texas-red dextran and 40 KDa FITC-dextran was
significantly increased with aging (Fig. 1B). In young mice, however, dextran extravasation
was very low for the low molecular weight dextran (10 KDa) and was not observed with 40
KDa dextran (Fig. 1A,F). In aged mice, compared to vehicle treatment, granisetron
significantly reduced extravasation of the florescence-tagged 10 and 40 KDa dextran by 40
and 60%, respectively (Fig. 1B, G and K). On the other hand, granisetron has no significant
effect on dextran extravasation in young mice (Fig. 1A, F and K). To evaluate granisetron
effect on an endogenous and higher molecular weight BBB permeability marker, 1gG
extravasation was tested (Fig. 1C-E, H-J, L). Similarly, 1gG extravasation significantly
increased with aging (Fig. 1D), which was significantly reduced by granisetron (Fig. 11 and
L), and such effect was not observed in the young mice (Fig. 1C, H and L). Next, the effect
of granisetron on BBB integrity was evaluated in TgSwDI mouse model for AD, and
consistent with the wild-type aged mice results, granisetron significantly reduced 1gG
extravasation by 80% (Fig. 1 E, J and L). Compared to young mice, aged and TgSwDI mice
demonstrated significantly higher 1gG extravasation approximately by 3- and 1.9 fold,
respectively.

This increase in BBB tightness was associated with increased expression of tight junction
proteins as determined by Western blot. Granisetron significantly increased the tight
junctions in the isolated microvessels from both young and aged mice, and TgSwDI mice. In
young mice, granisetron increased ZO-1, occludin, claudin-5, and JAM-1 by 2.0-, 1.4-, 1.7-
and 1.3-fold (Fig. 2A), and in aged mice by 2.5-, 1.4-, 2.1- and 1.6-fold, respectively (Fig.
2B). Similarly, granisetron treatment increased ZO-1, occludin, claudin-5 and JAM-1 by
2.8-, 3.1, 2.9- and 1.5-fold, respectively in TgSwDI mice (Fig. 2C).

In vitro studies on the effect of granisetron on bEnd3 cells tightness and calcium
intracellular levels in bEnd3 and SH-SY5Y-APP695 cells

Mouse brain endothelial cells (bEnd3) treatment with 10 uM granisetron for 72 h
significantly increased expression of tight junction proteins (Fig. 3A). Granisetron increased
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Z0-1, occludin, claudin-5, and JAM-1 by 3.5, 1.3, 3.4 and 1.3-fold. The effect of granisetron
on intracellular Ca*2 levels was evaluated by testing the inhibitory effect of granisetron on
calcium flux. For this, bEnd3 cells and SH-SY5Y-APP transfected cells were treated with
either granisetron (10 and 20 uM) or media for 24 h. The media was removed and replaced
with HBSS buffer (Ca*t2/Mg*2 free), and incubated with exact volume of the sensitive Ca*2
fluorescence indicator Fluo-4 direct as described in the methods section. As shown in (Fig.
3B and C), intracellular Ca*2 was significantly reduced in both bEnd3 (at 10 and 20 pM) and
SH-SY5Y-APP (at 10 uM) cells. Interestingly, however, in SH-SY5Y-APP cells, granisetron
at 20 uM did not reduce intracellular Ca*2 levels suggesting that in these cells, at higher
concentrations, granisetron could exhibit non-specific targeting, thus altering the overall
effect. In another separate experiment, granisetron effect on neuronal Ca*2 flux induced by
AB42 (2 UM) acute exposure was also evaluated. Granisetron significantly reduced Apgo-
induced Ca*2 flux by ~40% (Fig. 3D).

Effect of granisetron treatment on total Ap load in TgSwDI mice brains

Compared to vehicle treated mice, granisetron significantly reduced total Ap
immunostaining by 75% (Fig. 4A-C). In addition, granisetron significantly reduced Thio-S
staining of AP plaques by 80% compared to control group (Fig. 4D-F). ELISA
quantification of soluble AB4g and Ap4, in brain homogenates from mice treated with
granisetron also confirmed a significant reduction in both peptides brains levels (Fig. 4G-H).
To explain Ap reduction, effect of granisetron on Ap production and clearance proteins were
evaluated by western blot. For Ap production proteins, granisetron treatment reduced
soluble APPB (sAPP) and increased soluble APPa (SAPPa) expressions without altering
BACEL1 and nicastrin, a subunit of -y-secretase enzyme (Fig. 5A-B). In addition to reduced
AP production, granisetron enhanced Ap clearance by inducing AB major transport protein
P-gp without altering LRP-1 expression, and reduced the receptor for advanced glycation
end products (RAGE) at the BBB as determined in isolated brain microvessels (Fig. 5C-D).
Furthermore, granisetron significantly increased the expression of Ap degrading enzymes
IDE and NEP in mice brains homogenate when compared to control group (Fig. 5E-F).

Effect of granisetron on brain inflammatory markers in TgSwDI mice brains

The anti-inflammatory effect of granisetron against chronic inflammatory diseases in animal
models has been reported previously [20,32], however, its anti-inflammatory effect on Ap-
induced brain inflammation is not known. One of the earliest markers of astrocyte
inflammatory activation is the increased levels of glial fibrillary acidic protein (GFAP) with
elongated shape and thick branches. Our results demonstrated granisetron to reduce
astrocytes activation and ameliorated the astrocytes shape when compared to the control
group (Fig. 6A). Moreover, granisetron treatment significantly reduced brain levels of both
the microglial marker Iba-1 by 30%, and metalloproteinase-9 (MMP-9) enzyme by 47%
(Fig. 6C and F).

Effect of granisetron on the expression of synaptic markers and acetylcholine brain levels

Granisetron significantly increased brain acetylcholine levels by 35% compared to vehicle
treated group (Fig. 6B). In addition, three synaptic markers were evaluated, the pre-synaptic
marker synaptosomal-associated protein (SNAP-25), the post-synaptic marker postsynaptic
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density protein-95 (PSD-95) and Synapsin-1. As shown in Fig. 6D and G, granisetron
treatment significantly increased expression of the three evaluated synaptic markers,
PSD-95, synapsin-1 and SNAP-25 by 1.5-, 1.2- and 1.4-fold, respectively. This increase was
associated with a significant reduction in levels of the apoptotic marker activated caspase-3
by 30% and increase in the anti-apoptotic marker Bcl-2 by 40% (Fig. 6E and H).

Effect of granisetron on calcium signaling pathway in brains of TgSwDI mice

To investigate the effect of granisetron on modulating proteins associated with Ca*?
pathway, IP3-receptor (responsible for Ca*2 efflux from the endoplasmic reticulum (ER)
storage), phosphorylated-1P3R (Ser1756), Ca*2/calmodulin-dependent protein kinase Il
(CaMKII) and phosphorylated-CaMKII (a., B, ) were analyzed by Western blot. As shown
in Fig. 7, granisetron significantly reduced the expressions of IP3R and phosphorylated-
IP3R (Serl756) by 50% without affecting the ratio suggesting reduced levels of
phosphorylated-1P3R is due to reduced total IP3R (Fig. 7A-B). In addition, the treatment
significantly increased CREB and p-CREB by 2.8 and 1.5-fold, respectively, increased
PKACc by 50%, and BDNF by 70% (Fig. 7A-B). Another important key player in
maintaining intracellular Ca* 2 homeostasis is the calcium buffering protein calbindin-
D28K, which was also significantly increased by granisetron treatment by 2.3-fold (Fig. 7C—
D). Besides, granisetron significantly reduced CaMKII expression while increased the three
phosphorylated-CaMKII a, B, -y isoforms (Fig. 7E, F and G).

Effect of granisetron on Morris Water Maze performance

The MWM test was performed to assess granisetron effect on learning and memory
functions. The following parameters were analyzed, the time a mouse takes to find the
platform (latency, s), swimming speed (cm/s) and swimming distance (cm). As shown in
Fig. 7H, I and J, mice received granisetron found the platform faster than vehicle treated
mice (16.02 + 1.69 vs 34.71 £ 3.38 s, respectively, P<0.01); and granisetron reduced mice
swimming distance from 312.8 + 46.6 cm (control) to 164.9 + 44.3 cm (P=0.05). These
results suggest granisetron improved behavioral outcomes and enhanced memory function.
There were no differences between the two groups in swimming speed thus excluding motor
changes as a cause of the observed improvement.

Identification and quantification of calcium pathway-associated proteins in response to
granisetron, and IPA analysis

TMT-labeled relative quantitative proteomics were used to identify and quantify
differentially expressed proteins between granisetron treatment in both young and aged
groups and their control groups. Due to effect similarity between young and aged mice, data
was pooled. These proteins were further being used in IPA analysis. For combined data set, a
total of 434 differentially expressed proteins in response to treatment were identified using
Mann-Whitney Test with significance level P<0.05 corrected by Benjamini-Hochberg.

To better understand the role of granisetron in the brain, differentially expressed proteins
were further subjected to IPA core analysis. Among 434 differentially expressed proteins
between treatment and control groups, 422 proteins were mapped with IPA (155 down and
267 up) with increased or decreased more than 2-fold change. IPA revealed that 11 proteins
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(ATP2B1 (PMCA), CACNA2D2 (VGCC), CACNG8, CAMK4, CAMK2G, CAMKK],
GRIA2 (AMPAR), HDACG6 ITPR1 (IP3R), PPP3CA, RAP2B) involved in calcium signaling
pathway (P = 0.002, Z score = 0.632; Fig. S1, Table S1). Also, 15 proteins (CACNA2D2,
CACNGS8, CAMK4, CAMK2G, GNA13, GNAL, GNB1, GRIA2, GRID2, ITPR1, PLCB3,
PLCB4, PRKCA, PRKCD, RPS6KA1) were found in CREB signaling pathway (P =
1.35E-05, Z score = —0.632; Fig. 8, Table S2). The activity of molecules in both pathways
were assessed with the molecule activity predictor in IPA. Blue colored molecules are
predicted to be inhibited (decreased activity/expression) and orange colored molecules to be
activated (increased activity/expression) by granisetron treatment. These predictions are
based on Ingenuity Knowledge Base findings (i.e. literature).

Selected proteins from aged mice brain homogenates were analyzed by Western blot for
confirmation. These proteins include IP3R, CaMKIlI, calbindin and CREB. Results from
Western blot revealed consistent pattern with LC/MS analyzed proteins IP3R, calbindin and
CaMKII; CREB, on the other hand, was increased that is inconsistent with the pathway
prediction (Fig. S2).

Discussion

Recent studies have reported that 5-HT3 receptor antagonists have neuroprotective
properties in aged mice, and in neurotoxicity- and memory impairment-induced animals
[33-36]. For example, granisetron improved memory performance in scopolamine-induced
memory impaired mice [21]. In another study, granisetron enhanced learning and memory in
wild-type mice after footshock [34]. In an AD mouse model, tropisetron, another 5-HT3
receptor antagonist, improved spatial and working memory in PDAPP mice [24]. Similarly,
in the current study, our data revealed that granisetron reversed AD pathology in an AD
mouse model, suggesting a therapeutic role for 5SHT3 receptor in the disease. However, the
mechanism(s) these drugs produce such effects are not fully investigated.

Findings from our HTS assay identified granisetron as a potent drug to rectify Ap-induced
disruption of an in vitro BBB model, an effect that was not observed with other screened 5-
HT3 antagonists [15]. To confirm these results, in this work, we aimed to evaluate
granisetron effect in wild-type young and aged mice and in a mouse model of AD, and
investigate the mechanism(s) by which granisetron exhibits such effect. Mice were daily
administered with granisetron for 28 days; a treatment period that is longer than other
studies evaluated granisetron effect at a single dose up to one-week given every other day
[20-24]. The 28 days treatment period was selected in order to test the therapeutic potential
of long-term dosed granisetron on the progression of AD pathology in a mouse model of
AD. Our findings demonstrated granisetron to restore the BBB integrity and function, reduce
AP accumulation and neuroinflammation, decrease sustained calcium flux and apoptosis in
addition to enhance the cognitive function in TgSwDI, a mouse model of AD and CAA. In
addition, we showed for the first time that granisetron effect is mediated, at least in part, by
CaMKII/CREB pathway that is perturbed by aging and AD.

Available in vitro studies have demonstrated 5-HT3 receptor antagonists including
granisetron to inhibit extracellular calcium influx into cells [37-40]. Based on its
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mechanism, granisetron directly decrease depolarization and elevation of calcium by
blocking 5-HT3 receptor [41,42]. A recent study has reported the treatment of Ap-
challenged cortical neurons isolated from rats brains with 5-HT3 receptor antagonists MDL
72222 and Y 25130 significantly reduced Ap-caused calcium elevation, caspase-3 activity
and apoptosis, an effect that was mediated by 5-HT3 receptor antagonism [43]. Similarly,
our in vitro studies demonstrated treatment of endothelial and neuronal cells with
granisetron for 24 h significantly reduced Ap induced-intracellular calcium levels,
suggesting granisetron reduced calcium influx by blocking 5-HT3 receptor. This effect could
explain the positive outcome observed in vivo as blocking SHT3 receptor by granisetron is
expected to reduce intracellular calcium levels, and thus restore CaMKII/CREB pathway.

Preliminary results from the proteomics analysis demonstrated granisetron to modulate
calcium and CREB pathways associated proteins including IP3R, CaMK proteins, calcium
voltage-gated channels and other proteins important to maintain Ca*2 homeostasis that are
altered in AD [44-46]. Increased Ca*? influx and disrupted intracellular Ca*2 homeostasis
caused by calcium abnormal and excessive release from the ER through IP3R [47,48], and
ryanodine receptor (RYR) [49,50] have been reported as key players in the pathology of AD
that are associated with cognitive dysfunction [51]. To confirm the proteomics data, LC/MS
measured and IPA predicted proteins were analyzed by Western blotting. For this, a selected
number of proteins from CREB pathway in aged mice brains including IP3R, CaMKII,
calbindin, and IPA predicted CREB protein were analyzed. Findings demonstrated a
comparable effect between proteomics-measured data and Western blot-analyzed proteins
(i.e. reduced IP3R, and increased CaMKII and calbindin) in aged mice. However, the IPA
analysis that predicts effect based on the Ingenuity Knowledge Base from literature,
predicted two opposing effects on CREB, activation via CaMKII pathway or inactivation via
CALM/CaMKIV pathway (Fig. 8). Western blot findings in aged and TgSwDI mice brains,
however, determined granisetron to up-regulate/activate CREB, which is consistent with
CaMKII/CREB pathway shown in Fig. 8.

Similarly, Western blot data from TgSwDI mice brain homogenates confirmed reduced
expression of IP3R and p-1P3R with a significant increase in the level of calcium buffering
protein calbindin D28K, which plays important role in restricting the amplitude of Ca*2
signals [52]. Our findings also indicated that besides CREB activation through aCaMKIl,
5HT3-recepotor blocking by granisetron activated PKA/CREB pathway. Both pathways play
a major role in memory formation through regulating the long-term potentiation (LTP),
which are dysregulated in AD [53,54]. The nature of aCaMKII dysregulation in AD is
complex and not well understood, however reduced activation of this enzyme was associated
with synaptic loss [55]. Consistent with its effect on CaMKII activation in aged mice brains
observed from proteomics data and Western blot, in TgSwDI mice brains, granisetron
significantly increased p-CaMKII levels where the treatment was able to activate a CaMKI|
by phosphorylation at Thr286 site. Phosphorylation of aCaMKII at Thr286 amino acid
switches the subunit activity within aCaMKII from a Ca*2/CaM-dependent to independent
state, which is important for NMDAR-dependent LTP at hippocampal CA1 synapses and
essential for spatial memory formation [53]. In addition, it has been shown that A inhibits
PKAJ/CREB pathway [54]. The association of PKA/CREB pathway downregulation with Ca
*2 dyshomeostasis has been reported [56]. CREB phosphorylation by CaMKII and PKA is
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essential for synaptic strengthening and memory formation [46,57]. Available in vivo studies
in AD mouse models showed a significant reduction in CREB activation in the nuclear
fraction [44,46], and subsequent BDNF downregulation that was associated with memory
impairment [54,58]. CREB is a transcriptional regulator of BDNF that plays important role
in learning and memory processes. BDNF transcription is initiated through the
phosphorylation of CREB at Ser133 by CaMKII and PKA activation [57,59]. In our studies,
in addition to CaMKII activation, granisetron significantly increased PKAc (the free and
active form of PKA) and CREB, which collectively contributed to increased levels of p-
CREB (S133) and BDNF. This positive effect of granisetron on calcium and CREB
pathways and other pathological hallmarks of AD was ultimately translated into a positive
outcome on memory in TgSwDI mice as determined by MWM behavioral studies.
Granisetron improved memory function when compared to vehicle treated mice. This
enhanced cognitive function could be an overall consequence of reduced sustained increase
in intracellular Ca*2 levels that sequentially directly and/or indirectly enhanced BBB
integrity and function, reduced AP levels and associated neuroinflammation, increased ACh
levels and synaptic markers, and reduced neurotoxicity.

The precise mechanism leading to BBB dysfunction remains unclear, however, in AD, A
could, directly or indirectly, disrupts tight junction proteins by disrupting calcium
homeostasis, leading to an overall BBB dysfunction [60,61]. Measurements of exogenous
and/or endogenous plasma-derived molecules extravasation in brain parenchyma has been
widely used as a method to detect BBB disruption [62]. Findings from aged mice confirmed
granisetron to enhance the BBB tightness as measured by reduced permeability of the
endogenous BBB permeability marker IgG (150KDa) and exogenous florescent-tagged
dextran of 10 and 40 KDa. These results were supported with increased expression of tight
junction proteins. In young mice, however, while granisetron increased tight junction
proteins expression, no changes in dextran or 1gG extravasation was observed suggesting
intact BBB in young mice (5 months at end of treatment). When tested in TgSwDI mice,
granisetron significantly enhanced BBB integrity and function as measured by reduced 1gG
extravasation and increased expression of tight junction proteins, which is consistent with
our previously reported in vitro finding in the CAA-cell based BBB model [15], and reduced
brain Ap accumulation. This reduction in Ap load was concomitant with a significant
increase in the expression of P-gp, Ap major transport protein across the BBB, in isolated
microvessels, and AB degrading enzymes NEP and IDE in brain homogenates. Reduced
levels of P-gp and degrading enzymes with aging and in AD have been previously reported
and were related to brain AR accumulation [63,64], where their up-regulation reduced brain
AB levels and related pathology [65,66]. Besides increasing AP clearance, granisetron
significantly reduced sAPPp and increased SAPPa levels collectively contributing to
reduced A brain load. Several studies reported SAPPa possesses neurotrophic and
neuroprotective activities [67], which could impacted the enhanced memory observed in
TgSwDI mice, a finding that is consistent with that reported with tropisetron [24].

In addition, granisetron successfully reduced neurotoxicity and neuroinflammation as
determined by increased expressions of synaptic markers, reduced apoptosis as measured by
reduced caspase 3 and increased BCL-2, reduced MMP-9 and glial activation. Mice treated
with granisetron exhibited significant reduction in glial activation markers Iba-1 and GFAP.
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GFAP-expressing hypertrophic astrocytes exhibited a widespread pattern in the brain of
vehicle treated TgSwDI mice. These activated astrocytes were readily identified around the
senile plaques by their thicker, star-shape and bigger cell bodies. This greater increase in
GFAP-positive cells was significantly reduced by granisetron. These findings add to existing
reports on the potential anti-inflammatory effect of granisetron [32], and tropisetron [68].
This anti-inflammatory effect by SHT3-recptors antagonists could be related to calcineurin
inhibition [69]; calcineurin is a Ca*2/CaM-dependent enzyme that upregulates numerous
cytokines and pro-inflammatory factors [70].

In addition, granisetron treatment significantly increased acetylcholine levels in TgSwDI
mice brains. The inhibitory role of 5-HT3 receptor agonists on acetylcholine release has
been reported. For example, 2-methyl-5-HT, a selective 5-HT3 agonist, inhibited
acetylcholine release from the cerebral cortex of freely moving guinea-pigs, an effect that
was blocked by 1CS205-930, a selective 5-HT3 antagonist [71]. Likewise, granisetron
produced a concentration-dependent increase in acetylcholine release in rat entorhinal cortex
and striatal slices, an effect that was calcium dependent [72]. Collectively, these findings
suggest granisetron effect on acetylcholine-increased levels is mediated, at least in part, by
blocking 5HT3 receptor.

Several studies linked BBB disruption [60], AR accumulation [50], neuroinflammation [73],
and memory impairment to calcium dyshomeostasis. Indeed, further studies are required to
answer the question of whether granisetron observed positive effect on Ap brain load and
other associated pathological hallmarks is through its ability to restore calcium homeostasis
or independent of calcium pathway. However, data from the in vitro studies and aged mice
that do not express AP pathology suggest granisetron demonstrated its effect, at least in part,
by restoring calcium homeostasis through blocking 5SHT3-recepotor. Thus, our findings
support granisetron repurposing to slow, hold the progression and/or treat AD and related
disorders. Furthermore, based on its positive effect to restore the BBB function, in addition
to AD, our findings suggest granisetron could be useful for other neurological diseases
characterized by disrupted BBB function such as amyotrophic lateral sclerosis, Parkinson
disease, multiple sclerosis [74].

Granisetron is used primarily in the treatments of nausea and vomiting caused by cancer
treatments, and post-operative nausea and vomiting [16]. In humans, oral granisetron is
administered in 1 to 2 mg dose up to one week, or subcutaneously for extended release in 10
mg dose. Within this regimen, in most human studies, granisetron has had little effect on
blood pressure, heart rate or ECG [75-77], however, pending further studies, precautions
have recently been issued of possible QT prolongation especially in patients with cardiac
diseases [78]. Nevertheless, a recent interesting study evaluated the efficacy of granisetron as
an add-on therapy in the treatment of negative symptoms of patients with stable
schizophrenia [22] Granisetron add-on administered at 1 mg twice daily in addition to
risperidone for eight weeks proved safe and effectively reduced primary negative symptoms
of patients with schizophrenia. In our study, the anti-AD effect of granisetron was observed
at a dose of 3 mg/kg administered daily for 28 days, a regimen that is higher and longer than
prescribed for humans. While mice treatment for 28 days with 3 mg/kg daily dose didn’t
demonstrate visible side effects, the consequences of translating the chronic administration
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of such dose to humans are unknown that necessitate further evaluation. Without a doubt,
testing granisetron in AD mouse models at doses that corresponds to human dose or less, in
parallel with toxicity studies, are necessary. However, as a proof-of-concept study with the
tested dosage regimen, granisetron demonstrated a therapeutic potential against AD that
prompts further evaluations.

Conclusions

Our findings, summarized in scheme 1, demonstrated granisetron enhanced the BBB
integrity and function that was associated with reduced Ap-related pathology and enhanced
memory in TgSwDI, a mouse model of AD and CAA. The observed effect of granisetron
was mediated, at least in part, by activating CaMKII/CREB pathway that is perturbed by
aging and AD. While further studies are essential to test the effect of long-term
administration of granisetron in dose-dependent studies, our findings support the
repurposing of granisetron as a therapeutic drug for AD, and possibly other neurological
diseases associated with BBB disruption.
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Figure 1. Granisetron enhanced BBB tightnessin mice brains.
Mice were treated with granisetron (3 mg/day) for 28 days. (A,B,F,G) Representative brain

sections measured using two different molecular weight fluorescents tagged dextran 10KD
(red) 40 KD (green) as exogenous markers for BBB permeability and anti-Collagen 1V

antibody (Blue) to detect microvessels where (A) young control group, (F) young

Aged-V\IIT mice

TgSwEI)I mice

granisetron group, (B) aged control group, and (G) aged granisetron group. (K) Optical
density semi-quantification of dextran 10 KD and 40 KD extravasation. (C-E, H-J)

Representative brain sections stained with anti-mouse IgG antibody to detect 1gG

extravasation (green) and anti-collagen antibody (red) in wild type and TgSWDI mice brains
and IgG levels quantification where (C) young control group, (H) young granisetron group,

(D) aged control group, (1) aged granisetron group, (E) control TgSwDI group, (J)

granisetron TgSwDI group, (L) optical density semi-quantification of 1gG extravasation. All
values in K were normalized to Young-CTR (1.0). GRS treatment values in L were
normalized for each group corresponding CTR (1.0). Data are presented as box-and-whisker
plots representing median and interquartile range (IQR), with minimum and maximum
values. CTR is for control group i.e. vehicle-treated mice, GRS for granisetron, ns = not
significant, ***P < 0.001, ###P<0.001 (Students t-test, n=5-7 mice). Scale bar, 200 pum.
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Figure 2. Granisetron (GRS) increased tight junction proteins expression in isolated microvessels
from mice brains compared to vehicle-treated mice (control, CTR).

Representative western blots and densitometry analysis of the BBB tight junction proteins
Z0-1, occludin, claudin-5 and JAM-1 in brain microvessels isolated from young (A), aged
(B) wild type mice, and (C) TgSwDI mice. Statistical analysis was determined by Student’s
t-test (n=5-7 mice). All values were normalized to CTR (1.0). Data are presented as box-
and-whisker plots representing median and IQR, with minimum and maximum values. *P <
0.05, and **P < 0.01.
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Figure 3. Granisetron (GRS) increased tight junction proteinsin bEnd3 cells and reduced
intracellular calcium levelsin vitro.

(A) Granisetron (10 uM) treatment for 72 h upregulated the expression of tight and adherent
junction proteins in bEnd3 cells as shown in the representative blots and their densitometry
analysis. All values were normalized to CTR (1.0). (B) Comparison of the effect of
granisetron on intracellular Ca*2 level measured using the Fluo-4 assay in (B) bEnd3 cells,
and (C) SH-SY5Y-APP cells after 24 h treatment with 10 and 20 pM. (D) SH-SY5Y-APP
cells were additionally pre-treated with granisetron 5 and 10 uM for 24 h and were then
acutely exposed to freshly prepared A4, (2 UM) to measure Ca*? flux kinetics using Fluo-4
assay. Ca*2 flux assays were performed in HBSS buffer devoid of Ca*2 and Mg*2 to
determine the source of Ca*2 moving into the cytosol. Each treatment was tested in a
minimum of eight replicate wells per assay and the experiments repeated at a minimum of
three times over separate days. Statistical analysis was determined by Student’s t-test for
(A), and one-way ANOVA test for (B-D). Data are presented as box-and-whisker plots
representing median and IQR, with minimum and maximum values. ns = not significant, *P
< 0.05, **P < 0.01, and ***P < 0.001 versus vehicle treated cells (CTR, control).
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Figure 4. Granisetron (GRS) reduced AP burden in the brain and hippocampus of TgSwDI mice.
(A-C) Representative brain sections stained with 6E10 (green) antibody against Ap to detect

total AP load and anti-collagen 1V (blue) to stain microvessels. Hippocampus is seen at
higher magnification in the closed inserts; (A) control (CTR) group, (B) granisetron group,
(C) quantification of total Ap deposition. Values were normalized to CTR (1.0). (D-F)
Representative hippocampus sections stained with Thio-S (green) to detect Ap plaques load
and anti-collagen 1V (red) to stain microvessels; (D) control (CTR) group, (E) granisetron
group, (F) quantification of area covered with AP plaques. Values were normalized to CTR
(1.0). Individual red and green channels for Panels D and E can be found under
supplementary material (Fig. S3). Brain levels of both soluble human AB4g (G) and Soluble
human A4 (H) levels were determined by ELISA. Data are presented as box-and-whisker
plots representing median and IQR, with minimum and maximum values. Statistical analysis
was determined by Student’s t-test (n=5 mice per group). ***P < 0.001 versus control
(CTR) group. Scale bar, 200 pym.
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Figure5. Granisetron (GRS) reduced A brain load by reducing Ap production and increasing
AP clearancein TgSwDI mice brains.

(A) Representative blots, and (B) densitometry analysis showed a significant increase in
SAPPa and reduction in SAPPP levels in granisetron treated group, with no significant effect
on either BACE-1 enzyme or the nicastrin subunit of the y-secretase enzyme in mice brains
homogenates of TgSwDI mice. (C) Representative blots, and (D) densitometry analysis
showed granisetron treatment significantly increased P-gp expression, a major AP clearance
protein across the BBB, and reduced RAGE responsible for A transport from blood to
brain, but has no effect on LRP1. (E) Representative blots, and (F) densitometry analysis of
major AP degrading enzymes IDE and neprilysin (NEP). Statistical analysis was determined
by Student’s t-test (n=5 mice per group). Values were normalized to CTR (1.0). Data are
presented as box-and-whisker plots representing median and IQR, with minimum and
maximum values. ns=not significant, *P < 0.05, and **P < 0.01 versus control (CTR) group.
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Figure 6. Granisetron (GRS) treatment reduced neuroinflammation, up-regulated neuro-
synaptic markers, reduced apoptosis and increased acetylcholine levelsin the brains of TgSwDI
mice.

Neuroinflammation was assessed by measuring astrocytes activation monitored by
astrocytes morphology, MMP-9 and the microglial marker Iba-1 expressions where
granisetron treatment significantly reduced their levels. (A) Representative brain sections
stained with anti-GFAP (red) antibody to detect activated astrocytes and 6E10 (green)
antibody to detect AB in control (CTR) and granisetron (GRS) groups (seen at higher
magnification in the closed inserts). Scale bar, 200 pm. Individual red and green channels for
Panel A can be found under supplementary material (Fig. S4). (B) Acetylcholine level in the
brain homogenates of both control and granisetron treated mice was measured using ELISA.
(C) Representative blots, and (F) densitometry analysis of MMP-9 and Iba-1 in TgSwDI
mice brains homogenates. (D) Representative blots, and (G) densitometry analysis of the
neuro-synaptic markers PSD-95, Synapsin-1 and SNAP-25 in mice brains homogenates of
TgSwDI mice. (E) Representative blots, and (H) densitometry analysis of the anti-apoptotic
marker Bcl-2 and the apoptotic marker caspase-3 in brain homogenates of TgSwDI mice.
Values were normalized to CTR (1.0). Data are presented as box-and-whisker plots
representing median and IQR, with minimum and maximum values. Statistical analysis was
determined by Student’s t-test (n=5 mice per group). *P < 0.05, ** P <0.01, and ***P <
0.001 versus vehicle treated (CTR) group.
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Figure 7. Granisetron (GRS) restored Ca*2 homeostasis by modulating calcium pathway and
significantly improved memory as determined by Morris Water Mazetest in TgSwDI mice.

(A) Representative blots, and (B) densitometry analysis showed granisetron treatment
significantly reduced total IP3R and p-IP3R expressions, and increased PKAc, BDNF,
CREB and p-CREB expressions, which play major role in enhancing LTP. (C)
Representative blots, and (D) densitometry analysis showed significant increase in the
expression of the Ca*2 buffering protein calbindin D28K. (E, F, G) Representative blots and
densitometry analysis showed significant reduction in CaMKII expression with increased
levels of phosphorylated-CaMKII a, B, y isoforms. Values were normalized to CTR (1.0).
The effect of granisetron treatment on (H) swimming speed, (1) latency to target, and (J)
swimming distance of the mice. Granisetron significantly decreased latency and swimming
distance compared to the vehicle treated TgSwDI mice (control, CTR). Data are presented as
box-and-whisker plots representing median and IQR, with minimum and maximum values.
Statistical analysis was determined by Student’s t-test (n=5 mice per group). ns = not
significant, *P<0.05, **P<0.01, and ***P<0.001 versus control group.
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Figure 8. CREB signaling in neuronsin response to granisetron treatment with the | PA molecule
activity predictor.

Red and green symbols indicate proteins up- and down-regulation in granisetron treated
mice, respectively. Orange and blue nodes indicate predictions of to be activated or inhibited
in granisetron treated mice, respectively. The color intensity is proportional to the degree of
fold change. Edges between the nodes are colored orange when leading to the activation of
downstream proteins, blue when inhibiting downstream proteins. Yellow edges indicate that
the states of downstream genes are inconsistent with the prediction based on previous
findings.
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Scheme 1.
Proposed mechanism of granisetron effect to reduce Ap-related pathology in TgSwDI mice

via CaMKII/CREB pathway.
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