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ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerativeatie that is responsible for up to
80% of all dementia cases. Hallmarks of AD inclube presence of beta-amyloid
(AB) deposits and twisted strands of abnormal hypespiarylated tau forming
neurofibrillary tangles (NFTs), which ultimatelyalé to damage and death of nerve
cells in the brain. Symptoms of the disease includpairments in cognitive and
functional abilities that gradually worsen as tligedse progress. Finally, in advanced
AD, patients become unable to perform basic daityivdies, become more
susceptible to infections, and ultimately die. Ofilye drugs are FDA-approved for
use in AD, which only provide temporary symptomattief without capabilities of
modifying the progression of the disease. Tolferaagid is a non-steroidal anti-
inflammatory drug that has the potential for slogvithe progression of AD by
inducing the degradation of the transcription facpecificity protein 1 (Spl). Spl
regulates the expression of several AD-related g@neluding amyloid precursor

protein (APP), tau and beta-site APP-cleaving ereyn(BACE1).

To investigate the ability of tolfenamic acid tass the blood brain barrier (BBB),
multiple approaches were utilizebh silico computational models to predict logBB
and logPS for CNS penetration indicated that talfeic acid could transfer passively
through the BBB. In addition, immobilized artifitiamembrane (IAM)
chromatography using a phosphatidylcholine colurmas witilized for thein vitro
determination of the brain penetration capacity tdac[(Kiau/MW?*x10" of

tolfenamic acid. The results showed that thejgtMW*)x10" for tolfenamic acid



was 2.73 indicating its ability to cross the BBBdgpenetrate into the brain. Upon
intravenous (IV) administration of tolfenamic adwl guinea pigs and mice, LC-MS
analysis revealed the presence of tolfenamic acitie extracted brain tissue. Tims
vivo approach was also used to estimate the brain-syaaatio Kp) for tolfenamic
acid, which was 0.11. Thus, usimgsilico, in vitro andin vivo methods, we confirmed
the ability of tolfenamic acid to cross the BBB.e€elbtudy offers a guide of using
multiple approaches to predict the ability of diffiet compounds to penetrate the

brain.

Next, we investigated the ability of tolfenamicdto attenuate the cognitive deficits
in a transgenic mouse model of AD, namely R1.40stFiwe demonstrated that
hemizygous R1.40 mouse model exhibits spatial wgrkand long-term memory
deficits when tested in the Morris water maze anchaze. We found that short-term
administration of tolfenamic acid for 34 days wdseato reverse the observed
cognitive deficits in hemizygous R1.40 mice. Theseemonic improvements were
parallel to reductions in SP1 protein, APP expassind protein, and soluble and
insoluble A40.42levels. These findings suggest that the reductiorite biochemical

markers of AD were also accompanied by functiomaprovements in the treated

mice.

We further examined the ability of tolfenamic a¢alimprove spatial learning and
memory as well as to reducepAplaque pathology in old homozygous R1.40.
Homozygous R1.40 mice exhibit cognitive deficitattlare accompanied by fibrillar

AP deposition in different regions of the brain by thge of 14-15 months. Our



immunohistochemical results indicated that shartéolfenamic acid treatment for
34 days was able to produce a drastic reductiohirplaque pathology. In addition,
spatial working memory, assessed by the spontaretaraations in the Y-maze, was
improved by tolfenamic acid treatment. Further, mweestigated if tolfenamic acid
would improve the age-related learning and memanpairments in senescent
C57BL/6 mice and we found that treatment with to#fnic acid for 34 days resulted
in improvements in the spatial reference memoryctions as well. The major
findings from these studies suggest that tolfenaauicl crosses the BBB into the
brain, is able to decrease AD-related proteinsusioly A3 plaques, and is able to
produce mnemonic functional improvements in AD $ganic mouse model and
senescent wild type mice as well. Thus, tolfenaaxa could be proposed as a

disease-modifying therapy for AD via its unique imaaism.
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PREFACE

This dissertation addresses the brain penetratiotoltenamic acid using
multiple approaches as well as it address its &ffet altering various AD-related
pathology and improving the mnemonic deficits itransgenic mouse model of AD
and senescent wild type mice. It discusses the aulae biology, behavioral and
immunohistochemical experiments used to investitieesffects of tolfenamic acid as

a proposed disease-modifying drug candidate for AD.

The dissertation is structured in manuscript forraatl it comprises three
manuscripts. The first manuscript “The Ability obfenamic Acid to Penetrate the
Brain: A Model for Testing the Brain Disposition @fandidate Alzheimer’'s Drugs
Using Multiple Platforms” was published in 2011Gairrent Alzheimer Research. The
second manuscript “Reversal of Cognitive Deficity Bolfenamic Acid is
Accompanied by Reductions in Intermediates Assediatith Amyloid pathology in a
Transgenic Mouse Model of Alzheimer's Disease” esnfatted in accordance for
submission to Neurobiology of Aging. The third maaupt “Reduction ofi-Amyloid
Deposition and Attenuation of Memory Deficits bylfBmamic Acid” is formatted in

accordance for submission to Alzheimer’s & Dementia
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MANUSCRIPT 1

The Ability of Tolfenamic Acid to Penetrate the Bran: A Model for Testing the

Brain Disposition of Candidate Alzheimer’s Drugs Ushg Multiple Platforms

By
Gehad M. Subaiea, Bothaina H. Alansi, David A. Sea, Maged Alwan, and Nasser

H. Zawia

(Published in Current Alzheimer Research, 2011, &860-867)



Abstract

Evidence from our laboratory suggests that tolfenamid has a potential for slowing
the progression of Alzheimer’s disease (AD) throlmkering cortical levels of thp-
amyloid precursor protein (APP) and its pathogemutyloid beta () intermediates
[1]. In this study, we examined the ability of ®hfamic acid to cross the blood brain
barrier (BBB) by predicting its logBB and logPS wes$, the indexes of BBB
permeability, using computational models. We alstednined, vian vitro methods,
the brain penetration capacity factor (/MW ?*x10™ using phosphatidylcholine
column chromatography. The obtained logBB, logP8 @fiav/MW*)x10' values
predicted that tolfenamic acid can passively trangito the central nervous system
(CNS). These results were validatadiivo using LC-MS analysis after administration
of tolfenamic acid intravenously to guinea pigs amde. The present study provides
the first evidence of the ability of tolfenamic @do cross the BBB and offers a
comparative analysis of approaches used to prebetability of compounds to

penetrate into the brain.

Keywords: Alzheimer’s disease, blood brain barrier, HPLC,smapectrometry,

tolfenamic acid.



1. Introduction

Alzheimer's disease (AD), a progressive neurodegeive disease marked by
dementia evolving till death, is characterized lggpes. These plaques are composed
mainly of amyloid beta (B) peptides that result from the cleavagepedmyloid
precursor protein (APP) by the enzyrfiesite APP cleaving enzyme 1 (BACE1l)
followed byy-secretase [2]. Specificity protein 1 (Spl) isanscription factor that is
involved in co-activation of APP transcription aregulation of BACE1 expression
[3, 4] and is critical for the activation of therhan APP promoter [5]. Tolfenamic
acid is a non-steroidal anti-inflammatory drug (NBA used in Europe for the
treatment of migraine, and has been found to degthd transcription factors Spl,
Sp3, and Sp4 proteins and thus inhibiting the dgnowt pancreatic tumors by

diminishing the expression of vascular endothegjralvth factor (VEGF) [6].

Data from our lab indicate that tolfenamic acid éwsv cortical Spl protein (SP1)
levels and consequently APP expression and itsupkgrming A products [1].
Compounds designed to exhibit their mode of actiothe central nervous system
(CNS) need to be assessed for their ability tosctbe blood brain barrier (BBB) and
thus we conducted several studies to examine thigyabf tolfenamic acid to

penetrate into the brain.

There are varioum silico, in vitro andin vivo models that are used in drug discovery
for the assessment of the ability of potential dcagdidates to transfer into the CNS
[7]; however, few studies have compared the paénfithese methods using a single

compound tested across platforms. In this studystweied the brain transfer potential
3



of tolfenamic acid using three approaches. Comparaf these approaches offers a
guide for any study that seeks to examine brairefpation of compounds and also
provides data relevant for future screening stiategf candidate drugs tested for AD

therapeutics.

First, we utilized anin silico computational model using prediction software
developed by Advanced Chemistry Development (AGDpitedict and analyze the
indexes of BBB permeability logBB and logPS of éplmic acid. Reference
adrenergic blockers of known CNS classificationhsas propranolol, a compound
known for its ability to cross the BBB [8], timolaind atenolol, both of which poorly
cross the BBB [9, 10], were used. Second, The Imimeld Artificial Membrane
(IAM) chromatography utilizing phosphatidylcholicelumn method [11] was used as
a valid non cell-basenh vitro predictor of BBB permeation. The IAM surface oéth
column resembles the lipid phase of the brain Egikendothelium and is chemically
and thermally stable for chromatographic conditipfis Finally, thein silico andin
vitro BBB permeation predictions of tolfenamic acid wewdidated usingn vivo
analysis where mice and guinea pigs, the two anmualels we conduct our studies
on, were administered tolfenamic acid intravenodsljowed by analysis of mass
spectra data and calculating the brain-to-plasnmeeatration ratioK,, of tolfenamic

acid after a single time point [7].



2. Materials and Methods

2.1. Materials and Standards

Tolfenamic acid, propranolol, timolol, diclofenacdsum, potassium chloride (KCI),
monobasic potassium phosphate ¢RE;) and sodium chloride (NaCl) were
purchased from Sigma-Aldrich (St. Louis, MO, USApdium hydroxide 97% pellets
and formic acid were obtained from Fisher ScientifFair Lawn, NJ, USA).
Hydrochloric acid (HCI) 37%, acetonitrile, sodiurhgsphate dibasic dodecahydrate
(NagHPO,.12H,0), and water were HPLC grade from Acros Orgarlidsr(is Plains,

NJ, USA). Other chemicals and reagents were ofytinal grade.

2.1.1. In silico Computational Approach

LogBB and LogPS were calculated for tolfenamic ag@dopranolol, timolol and
atenolol from values obtained through using twodpmtion software developed by
ACD (Toronto, Ontario, Canada). Values used toutate logBB were obtained from
ACD/ChemSketch 12.0 software [12] which includedtaool-water partition
coefficient (LogP). Other brain transfer descriptancluding molecular weight,
hydrogen bond donor/acceptor numbeg @hd H), polar surface area (PSA), free
rotatable bond (FRB) and acid dissociation consigita) were obtained from

literature [13]. LogPS values were obtained utiggACD/ADME Suite software [14].

2.1.2. In vitro Experiment

2.1.2.1. HPL C Conditions




Hitachi analytical HPLC system consisting of an10@ low- pressure gradient pump,
a 4-channel degasser, an L-7200 sequential autplsgrand a high sensitivity diode
array detector (190-800 nm) was used. This systecontrolled by a D-7000 HPLC
system manager software package. The HPLC appanatss fitted with an
analytically sized (10 cm x 4.6 mm) IAM.PC.DD2 colno from Regis technologies
(Morton Grove, IL, USA). The Dulbecco’s phosphatdfered saline (DPBS)
consisted of 2.7 mM KCL, 1.5 mM KIRO,, 137 mM NaCl, and 8.1 mM NEPO,.
The mobile phase consisted of acetonitrile and DEEBS30 v/v, pH of 5.5). Samples
were eluted using the mobile phase with a flow t@.5 ml/min at 37°C, and UV

absorption at 210 nm.

2.1.2.2. Selection of Reference Compounds

Propranolol and timolol were used as reference camgs for then vitro experiment.
Propranolol is classified in the literature as ghhbrain penetration (CNS+) compound
[8] while timolol is classified as a low brain peragion (CNS-) compound [9]. Both
compounds were reported to show the expected CN&ag¢ion trend when screened

by using IAM phosphatidylcholine column chromatqarg [11].

2.1.2.3. Determination of the | AM partition coefficients

Samples were prepared by dissolution in absoldtanei with concentrations of 20
po/ul, and the IAM partition coefficients were aadlted using equations from
literature [11].Kam, the IAM capacity factor, was calculated from tfedlowing

equation:



t, -t
k _ | Lr 0
1AM ( t, j

Where tis the retention time of the drug andstthe holdup time of the column. The

permeability of a drug through the BBB by passivéudion (Py) is expressed
following correction by the molecular weight of tleug, Kaw /MW" [11]. It was
reported that the most successful differentiatias wbtained when the power function

of Kiam /MW" was set at n = 4 at pH 5.5 [11].
2.1.3. In Vivo Validation Using Mass Spectrometry

2.1.3.1. Animals and Dosing

C57BL/6 mice weighing between 25-30 g and Hartleywea pigs weighing between
900-1000 g were obtained from Charles River Lalooies (Wilmington, MA, USA).
Animal experiments were carried out according @ linstitutional Animal Care and
Use Committee (IACUC) guidelines for the care arst wf laboratory animals.
Guinea pigs were grouped and anaesthetized with Bo#urane/PEG (v/v). One
group was then injected with 200l of 100 mg/kdetahmic acid (n=3), while the
other group was administered 200ul vehicle (n=2rawrenously through the
saphenous vein by the university Attending Veterara (AV). The animals were
euthanized within 5-10 minutes, decapitated anal brains were collected and stored
at -80°C. For LC/MSstudies, mice were anaesthetized with 20% isofRfREG (v/v)
then injected either with 20ul of 100 mg/kg tolfeme acid (n=3) or with vehicle
(n=1) into the lateral tail vein by the AV. After fhinutes, mice were anaesthetized

and euthanized by exsanguination through cardiactpte. Blood was collected into

7



7.5 units/ml heparin solution-treated tubes. Bl@adnples were then centrifuged at
1700 x g for 10 minutes and plasma was collectati sdared at -8C. Brain tissue

was extracted and stored in the°@0reezer.

2.1.3.2. Extraction Procedure and Sample Preparation

A previously published extraction process was feéld [15] and 20ul of the extract
was injected into the mass spectrometry (MS) sysfemalternate extraction method
was also applied for brain homogenate, plasma ailibration standard samples
analyzed by LC/MS. Each sample was treated witt0£2% M HCI to sample volume
followed by addition of 50ul of 10 pg/ml diclofenaodium, the internal standard
(IS). Samples were vortexed for 1 minute followed the addition of 2 ml ethyl

acetate. After mixing for another minute, sampleseacentrifuged at 2800 x g for 10
minutes. The organic layer was collected and ewwpdrto dryness under nitrogen
stream. The residue was reconstituted in 250ubaiéate and filtered, then 20ul of

each sample was injected in the LC/MS system fparsgion. Using a stock solution
of 500 pg/ml tolfenamic acid in acetonitrile, braamples were spiked with 50ul of
10 pg/ml diclofenac sodium and with tolfenamic adid produce the final

concentrations of 0.05, 0.1, 0.25, 0.5, 1, 5, 1®,ahd 50 pg/ml tolfenamic acid.
Plasma samples were spiked with 50ul of 10 pg/roloténac sodium and with

tolfenamic acid to produce the final concentratiohd, 5, 10, 25, 50, 100 and 150

pg/ml tolfenamic acid.



2.1.3.3. Apparatus and Chromatographic Conditions

MS: Applied Biosystems Marin&rsystem was used which consisted of an orthogonal
time-of-flight (TOF) mass spectrometer equipped hwistandard electrospray
ionization (ESI), PE SCIECX’s Turbo lon Spray™ (Tl&d Atmospheric Pressure
Chemical lonization (APCI) source. The instrumemtsvoutfitted with an integrated
syringe pump with dual syringe rack for direct isifin into the mass spectrometer.
Extracted samples and standards were injectedtigicca flow rate of 20 pl/min and

the negative ion mode was used for ion peak detecti

LC-MS Method: LC unit used was an Agilent 1100 series HPLC (Agilent
Technologies, Santa Clara, CA, USA) and separatas performed using Luna
pentafluorophenyl propyl, PFP(2), 50 x 2.0 mm owhu with a 3 um particle size
(Phenomenex, Torrance, CA, USA). The Mobile phasiconsisted of a mixture of
water with 0.1% formic acid (v/v) (A) and acetoié@rwith 0.1% formic acid (v/v)
(B). Gradient elution was employed as follow: O+htn, 100% eluent A; 15-30 min,
100% to 0% eluent A; 30-35 min, 100% eluent B; 55/din 100% to 0% eluent B;
45-55 min 100% eluent A under a flow rate of 0.2nmmh. Mass spectroscopy
equipment used was QSTAFElite Hybrid LC/MS equipped with a high performanc
quadruple time of flight (QqTOF) mass spectrometeiyrbo ion spray, and Anal{st
QS 2.0 software. For each sample, 20ul was injeanteldVIS detection was conducted

using the negative ion mode.



3. Results

3.1. In Silico Computational Brain Transfer Prediction of Tolfenamic Acid

LogBB values for tolfenamic acid and some adremergiockers including
propranolol, timolol and atenolol were calculatddlfle 1) using Clark’s equation
[16]. Compounds that have logBB value of > 0.3 ribste freely to the brain
however, compounds of logBB value of < -1 distréopborly to the brain [17]. The
logBB for tolfenamic acid was calculated to be Oprédicting its ability to distribute
well into the brain. Propranolol had a calculategBB of 0.1 that was less than the
cutoff value to cross freely into the brain (0.Bpwever, it was much higher than -1,
the reported value of which less than that a comgas predicted to be of poor CNS
penetration. The calculated logBB for timolol artdrelol, both of which have poor
CNS penetration as documented in the literature 1@}, were -0.9 and -1.0,

respectively, indicating their low ability to didtute into the brain.

Another index of BBB permeability, LogPS, was ob&al for tolfenamic acid and the
three antiadrenergic drugs (Table 1) using ACD/ADIGHite software [14]. The

program predicts compounds with logPS values leas t5 to be unable to transfer
into the brain. The calculated LogPS values fdet@mic acid and propranolol were -
2.1 and -2 respectively and thus both are preditbettansfer into the brain. The
values of logPS for timolol and atenolol were -31a3.9 respectively which were
close to the cutoff value of -5.0 for drugs that @redicted not to transfer into the

brain.

10



Tolfenamic acid values of other brain transfer desars including octanol-water
partition coefficient (logP), molecular weight, éreotatable bonds (FRB), hydrogen-
bond donor/acceptor numberqBind H) and polar surface area (PSA) were consistent
with the optimum values for drugs that distributéoithe brain (Table 1). LogP is an
indicator of lipophilicity; the higher the numbdret higher the lipophilicity. Predicted
LogP for tolfenamic acid was 5.86 indicating it cpassively cross the BBB. The
molecular weight of tolfenamic acid is 261.7 Da evhiis less than 450 Da, a
requirement for brain penetration [18]. Tolfenamamd’s predicted FRB was 3 and
compounds with FRB >7 are considered of low BBBnpebility [16]. Compounds
that permeate into the CNS usually have 0-4 hydrdgend donors and 1-5 hydrogen-
bond acceptors [19] and the drug has two hydrogertlmionors and three hydrogen-
bond acceptors. The PSA value for tolfenamic acis yredicted to be 49.3°/&nd
for brain penetration, the PSA should be <90[£8]. Thus, the predicted values of
logBB, logPS and other brain transfer descripttmangly suggest that tolfenamic acid

would passively distribute into the brain to a greaent.
3.2. In vitro Brain Transfer Prediction of Tolfenamic Acid

Using the IAM phosphotidylcholine column chromaiaginy method described by
Yoon et al, (2006) [11], the (Kau/MW?) x10' values at pH 5.5 for tolfenamic acid
and the reference compounds, propranolol and timelere obtained (Table 2).
Compounds with IAM capacity factors (/MW?%x10'° > 1.01 have high CNS
penetration while compounds with g/MW*x10' < 0.64 values have low CNS

penetration [11]. Although we had higher IAM capgdactor values than reported by

11



Yoon et al for propranolol and timolol, the order of the wad was consistent. The
classification of CNS penetration of tolfenamicda@ropranolol and timolol based on
their IAM capacity factor values was determinedg(Fi). With a (Kaw/MW*)x10™
value of 2.73, oum vitro prediction model indicated the ability of tolfen@nacid to

transfer into the CNS.

3.3. Presence of Tolfenamic Acid in the Brains of GuineaPigs after IV

Administration

Mass spectra data of tolfenamic acid presence @& lhain after intravenous
administration in guinea pigs were the first evideof the ability of tolfenamic acid
to have brain disposition criteria (Fig. 2). Thetsa suggest that tolfenamic acid’'s
presence in the brain following IV administratioalidates our computation and
vitro prediction results; however, we still need to abtéhe evidence of this
disposition of tolfenamic acid in the brain relatito the plasma concentration and

such relativity is expressed as the brain-to-plasatia of tolfenamic acid.

3.4. Determination of Brain-to-Plasma Concentration Ratb of Tolfenamic Acid
Using the LC-MS method, the brain-to-plasma conegioin ratio of a single time-
point, Kp, was determined after intravenous administratibr2@ul of 100 mg/kg
tolfenamic acid to mice via their lateral vein. fBslamic acid peak was identified in
the brain (Fig. 3), confirming the earlier resudfstolfenamic acid detection after IV
administration into guinea pigs, as well as in phesma (Fig. 4). The areas under the
tolfenamic acid peaks in the brain and plasma ws#otted versus the standard

calibration curves of brain and plasma and werentfied using the quantification
12



wizard AnalysP QS 2.0 software. The concentration of tolfenanuici an the brain
was 1.21 pg/g whereas the measured concentratimiferiamic acid in the blood was
10.85 pg/ml and thus th&p value calculated after 5 minutes following IV

administration was 0.11.
4. Discussion

The delivery of therapeutic agents to the CNS igmfat importance in CNS drug
discovery. The BBB prevents many drugs from acogsgie CNS, and hence poses a
significant challenge for drug delivery into the SN[20]. A survey of the
Comprehensive Medicinal Chemist{i@MC) database showed that only 5% of over
7,000 drugs listed were CNS active [21]. Presersiyeral methods are available to
assess the potential of candidate drugs to peaetnat BBB includingn silico, in
vitro and in vivo approaches. We applied these approaches comgdyatinr
assessment of the ability of tolfenamic acid tossrthe BBB as a drug that we have
demonstrated experimentally that it affects proegsssociated with amyloidogenesis

in the brain [1].

Computational approach, comparedinovitro andin vivo methods, is cost effective
and requires less time for analysis in brain pewiein studies, however, the
performance of such a model depends on the dats, idescriptor used and modeling
approaches [7]. The calculated LogBB value for ewmdfmic acid using

ACD/ChemSketch 12.0 software [12] showed its abild cross the BBB and this
prediction was consistent with its physicochemigaiperties (Table 1). With some

controversy about the validity of using logBB asligator of brain penetration [22],
13



ACD/ADME Suite software [14] was used to predicaibrpenetration by analyzing

logPS value which also indicated the ability dfépamic acid to cross into the CNS.
The predicted logBB of propranolol (0.1) was mueksl than the actual experimental
value (1.57) which can be explained by the presefctive transport mechanisms
that deliver propranolol into the brain [8]. A litation of computational models is that
they can only predict brain penetration as a fumctf passive permeability and do
not consider other factors such as efflux and inflansporters and plasma protein
binding which can affect brain transfer of drugsittfimited number of compounds

to design logBB and logPS models and the fact ¢aerimental logBB and logPS
were generated from different protocols, the compomal prediction can sometimes
be contradictory and uncertain [7]. Thus, we adedndnto comparing our

computational results with an vitro model.

In vitro models to determine brain penetration are develapa way to mimian vivo
brain penetration, hence, there are variousvitro cell-based and non-cell-based
models [7]. IAM chromatography technique has begmegmented to predict BBB
permeability [11, 23] with less complexity comparedother cell based models that
require cell culture cycles. Using this method, msults showed that tolfenamic acid
had a kw that reflected its ability to permeate through B&#B. The obtained kv
value for tolfenamic acid was intermediate betw#at of propranolol and timolol.
While it was not close to that of propranolol, iasvmuch higher than that for timolol,
thus we concluded that tolfenamic acid was CNS+thatlits ability to penetrate the

brain was intermediate in nature. Although IAM amiatography is a rapid and simple
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method which provides a promising tool for asses8BB permeability, it has few
limitations which include the fact that lipid moldar dynamics including lateral
diffusion are not mimicked by IAM and that BBB pezation prediction becomes
unreliable by IAM if the drug brain uptake is inflaced by transporters or plasma
protein binding [7, 11, 23]. However, there are ewows cellular systems that can be
used to evaluate the influence of BBB efflux trasrsgrs including P-glycoprotein
(PGP) and multi-drug resistant proteins (MRP) onSCdlistribution of drugs. For
examples, human colon adenocarcinoma (Caco-2) abdRIMrasfectted Madin-
Darby Canine Kidney (MDCK) cell lines have been gdools for evaluating the BBB
efflux transporters effect on different compound@s Nevertheless, some limitations
of using such models are valid. The fact thatitheivo BBB contains other efflux
transporters which could exert a major effect ia tiverall BBB penetration and the
fact that MDCK cell line also expresses the orgamiton transporter (OCT-2) could
lead to complications when interpreting generatath d7, 24]. Thus, thén vitro

findings, inevitably, needed to be validated/ivo.

Several invasive and noninvasiwe vivo methods are designed for brain uptake
experiments, which represent the most reliabledatibn of other models [7, 25].
Tolfenamic acid was present in the brain afteravenous administration in guinea
pigs as detected by MS (Fig. 2). However, as alreaéntioned, we still need to
obtain the evidence of this disposition of tolfemamcid in the brain relative to the
plasma concentration and such relativity is exgesss the brain-to-plasma ratio of

tolfenamic acid.
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The plasma-to-brain concentration ratio, the mostely used term for evaluating
brain penetration [26], was assessed for tolfenamasid after 5 minutes and was
calculated to be 0.11 indicating its dispositiotoithe brain in low levels that might
be due to the early time point chosen. With no pleaokinetic (PK) data available
regarding the disposition of tolfenamic acid thrbuge mouse body, multiple time-
point assessment and determination of area unéecutve (AUC) concentration in
brain and plasma is needed for more accurate ewpetal calculations of the drug
PK. Also, K, is heavily affected by the binding of the drug maib and plasma [26]
and it is known that tolfenamic acid has a veryhhptasma binding level up to 99.7%
in human [27] and this could explain well the &y . Thus, to avoid the effect of
the non-specific binding, determination of the frggound drug levels in the brain
and plasma to generate the unbound brain-to-plasmeentration ratiokp,uu, could
provide a better analysis of the brain penetratiotolfenamic acid. In additiorKp,uu
could describe the effect of efflux and influx tsporters at the BBB on the CNS

distribution of tolfenamic acid, if any.

To conclude, comparative analysis of multiple apphes has predicted and validated
the ability of tolfenamic acid to penetrate int@ tBENS and exert its effects that are

manifested in lowering amyloidogenesis and treatrmémigraine.
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Table I-1. LogBB and logPS values obtained usingn silico computational
prediction software with related parameters for tofenamic acid, propranolol,

timolol and atenolol.
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Structure AW P5A* HS H.' FRE’ pKa’ LogP® LogBB" | LogP¥
OH
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HN _ _ _
261.7 493 2 3 3 432 386 0.75 21
H,C
c
Tolfenamic Acid
E__;:.‘T“x\ﬂ/"»‘:b\j
-"“.;ur.f' 'Mﬁ:ﬁ
-
J\ 2593 415 2 3 6 93 31 0.1 20
[ ~OH
HyC._ _NH
CHy
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N/ NH CH:
= %
H.C CHa
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Atenolol

LogBB= (0.205 x LogP) + 0.18 — (0.0094 x PS.4) — (0.055 x FRB)’

2 Molecular weight in Dalton® Polar Surface Area The number of hydrogen-bond donofsfhe
number of hydrogen-bond acceptofstree rotatable bonc® Octanol-water partition coefficient!

Equilibrium distribution between blood and brainPassive permeability-surface area prodiict;
Equation for calculating logBB which was extractedanalyzing logBB values of a database of 179
data points measured in rats which showed thatBogBtermination is strongly dependent on logP,

PSA and FRB [16].
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Table I-2. Human CNS penetration evaluation of propanolol, timolol and
tolfenamic acid from literature and calculated from the Immobilized Artificial
Membrane (IAM) capacity factor [(Kam/MW %)x10'9 using 1AM

Chromatography [11].
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Compound | CNS Penetratidh| (K,am/MW*x10'° | CNS Penetratidh
Propranolol CNS+ 6.16 CNS+
Timolol CNS- 0.73 CNS-
Tolfenamic Acid - 2.73 CNS+

2 CNS penetration obtained from literature [8, 9JENS penetration based on /MW *)x10™
values at pH 5.5; CNSK(a/MW)x10° > 1.01, CNS- Kian/MWHx10° < 0.64 [11].

24




Figure I-1. Classification of CNS penetration of tolfenamic ad, propranolol and
timolol using IAM chromatography. The IAM capacity factor [(iw/MW?%)x10™)
at pH 5.5 was determined. High BBB penetration (EN$Kav/MWHx10° > 1.01,
low BBB penetration (CNS-);Kiamv/MWHx10'° < 0.64, Uncertain BBB penetration;

(Kiaw/MWHx10" = 0.65-1.
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Figure 1-2. Mass spectra analysis of tolfenamic acid in the bra of guinea pigs
following intravenous administration. Tolfenamic acid was administered through
the saphenous vein (200ul of a 100 mg/kg dasel) its levels were analyzed. Ovals
denote the desired tolfenamic acid peak with m/z259.8. (a) Tolfenamic acid
standard in ethanol (1 mg/m(}p) Brain extract from vehicle dosed animdts) Brain
extract from tolfenamic acid dosed animdl$) Extracted tolfenamic acid peak from

mass spectrum(c).
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Figure 1-3. Extracted ion count chromatogram of tolfenamic acidin the brain of

mice following intravenous administration. Tolfenamic acid was administered
through the lateral tail vein (20l of a 100 mgdage) and its levels in the brain were
analyzed using the extraction and LC-MS methodsrde=d in the methods section.
The area under tolfenamic acid peak was used fonfo-plasma concentration ratio

calculation. TA = Tolfenamic acid; IS = Internaastard (diclofenac sodium).
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Figure I-4. Extracted ion count chromatogram of tolfenamic acidin the plasma

of mice following intravenous administration. Tolfenamic acid was administered
through the lateral tail vein (20ul of a 100 mgtkgse) and its levels in the plasma
were analyzed using the extraction and LC-MS methdelscribed in the methods
section. The area under tolfenamic acid peak wasd ulr brain-to-plasma
concentration ratio calculation. TA = TolfenamicidgaclS = Internal standard

(diclofenac sodium).
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MANUSCRIPT 2

Reversal of Cognitive Deficits by Tolfenamic Acids Accompanied by Reductions
in Intermediates Associated with Amyloid Pathologyn a Transgenic Mouse
Model of Alzheimer’s Disease
By
Gehad M. Subaiea, Lina I. Adwan, Aseef H. Ahmed andlasser H. Zawia

(Intended publication in Neurobiology of Aging)
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Abstract

Data from our lab had shown that tolfenamic acwudrs the levels of the amyloid
precursor protein (APP) and amyloid betaf)Apeptide when administered to
C57BL/6 mice by lowering the levels of their trangtional regulator specificity
protein 1 (Spl). In this study, we examined thditglof tolfenamic acid to improve
the cognitive deficits in a transgenic mouse moaokelAlzheimer's disease (AD),
R1.40, as well as to reduce the expression of games the levels of proteins
associated with AD, including SP1, APP anfl. &ollowing characterization of the
ensuing cognitive deficits in aged hemizygous R1.#@nsgenic mice, we
administered variable doses of tolfenamic acid ehisle for thirty four days.
Behavioral assessment of spatial learning and merunctions began on Day 15
using the Morris water maze. Working memory wasetksising the Y-maze. Results
showed that tolfenamic acid improved both long-tepatial memory deficits as well
as working memory in these mice. These improvemevese accompanied by
reductions in the levels of the transcriptionaihatbr SP1, followed by decreases in
both the mRNA and protein levels of APP, and subsagA3 levels. These findings
provide evidence of the ability of tolfenamic at¢addisrupt the development and the
progression of the pathological processes assdcwtth AD, manifested by the

reduction of amyloidogenic proteins, and ameli@maf cognitive dysfunctions.

Keywords: Alzheimer's disease; tolfenamic acid; AD transgemnouse model,

learning and memory; Morris water maze; Y-maze.
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1. Introduction

Alzheimer’s disease (AD) represents the most pestaleurodegenerative diseases in
the elderly. During the course of the disease, nmgmmognitive performance, and
other daily activities are all impaired as a residlextensive neuronal loss (Berg, et
al., 1993; Braak and Braak, 1997; Nelson, et &122. AD is characterized by the
presence of neuropathological deposits consistirexwacellular senile plaques pf
amyloid core and intraneuronal neurofibrillary thesy (NFTs) in different brain
regions, especially in the cerebral cortex, hippgmas, subcortical nuclei and

amygdala (Selkoe, 2001; Reddy, et al., 2010; Ballar al., 2011; Harrington, 2012).

The amyloid precursor protein (APP) is processedthdta-site APP-cleaving enzyme
1 (BACE1l) andy-secretase proteases to generate varfsamyloid (A3) peptide
isoforms that can accumulate resulting in the faimmaof insoluble aggregates of
amyloid plaques (Shoji, et al.,, 1992; Urbanc, et 4099; Querfurth and LaFerla,
2010; Zhang, et al., 2012).pA40 andAp;.42 are the major generated isoforms with
AB1-42 found to be more aggregative triggering amyloiaigple formation (Finder and
Glockshuber, 2007). Accumulation oBAnto amyloid plagues initiates a pathological
cascade resulting in synaptic dysfunction and rmealrdeath that contribute to the
neurodegeneration observed in AD according to thgl@d hypothesis (Hardy and

Higgins, 1992; Selkoe, 2001).

Over the last two decades, more evidence has baerergd as to the association
between chronic NSAIDs intake and up to 80% reductn risk of AD incidence,

slowing of disease progression, and reduction afrogiial activation (Andersen, et
35



al., 1995; McGeer, et al., 1996; Stewart, et #97% in t' Veld, et al., 2001; Lindsay,
et al., 2002; Zandi, et al., 2002; Etminan, et 2003; Vlad, et al., 2008; Cote, et al.,
2012). However, several prospective clinical trii@ded to demonstrate the efficacy
of NSAIDs in altering AD risk (in 't Veld, et al1998; Hayden, et al., 2007; Lyketsos,
et al., 2007; Arvanitakis, et al., 2008). Nonetbs|ethe findings of the ability of a
subset of NSAIDs to alter AD pathology and improv@gnitive performance in

murine mouse models of AD by mechanisms other thaim classic cyclooxygenase
(COX) inhibition have led to a renewed interesttivese compounds as potential
disease-modifying agents in AD (Weggen, et al.,12@hou, et al., 2003; Lleo, et al.,

2004).

No cure has been discovered for AD yet and FDA-@pgt drugs for use in AD
include four cholinesterase inhibitors and one NhyleD-aspartate receptor
antagonist. However, these medications are noasksenodifying therapies and they
do not stop the progression of the disease (Ozudagd Lippa, 2012). Current
research focuses on interventions that targeproduction and aggregation, and the
production of hyperphosphorylated tau (Gotz, et 2012; Ozudogru and Lippa,
2012); however, no therapeutic strategy has exglarere upstream interventions at
the transcriptional level. Specifitcity protein $p1) co-activates the transcription of
APP, BACEL and tau genes (Heicklen-Klein and Gimgh@000; Christensen, et al.,
2004; Docagne, et al., 2004). Consequently, chamgess levels can alter the
downstream pathways related to amyloidogenesish@aet al., 2005; Adwan, et al.,

2011) and tau (unpublished data) pathology reptesean ideal target for a disease-
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modifying intervention. Tolfenamic acid, a non-stdal anti-inflammatory drug
(NSAID), induces the degradation of SP1 proteind@lbahim, et al., 2006) and data
from our lab have shown that the treatment of wiygpe C57BL/6 mice with
tolfenamic acid lowers the levels of SP1 and thagression of AD-related Spl target
genes such as APP (Adwan, et al., 2011). Unpuldislata from our lab also indicate

that it can do the same to both BACE1 and tau.

Transgenic mouse models of AD represent usefuktfwl elaborating mechanisms
involved in the development and progression of AD.addition, they allow for
testing of new therapieis vivo to provide more accurate data to justify testing i
human clinical trials (Hock and Lamb, 2001; DuffdaBuleman, 2004). Thus, we
decided to examine the ability of tolfenamic aadiawer AD proteins, including
SP1, APP, and B and to examine whether such reductions are corsumate with
an improvement in cognitive functions in a mousedeioof AD. Since the
endogenous APP promoter is largely driven by Spacégne, et al., 2004), we
chose to study the effects of tolfenamic acid, Whdegrades SP1, in R1.40 mouse

model which utilizes the human APP promoter.

Thus, the purpose of this experiment was to ingasti the presence of memory
deficits in the hemizygous R1.40 mice, a genommgelisansgenic mouse model that
harbor the Swedish mutation APPK670N/M671L (Lamb,ak, 1993), and to

examine the ability of tolfenamic acid to attenustieh deficits and to decrease AD-
related pathology. Therefore, following charactatian of the learning and memory

impairment in female hemizygous R1.40 transgenicemb and 50 mg/kg/day
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tolfenamic acid was administered to female R1.4@emaging between 14-21
months via oral gavage for 34 days and the learamd) memory functions were
assessed in the Morris water maze and the Y-mare.D&y 35, mice were
euthanized and AD associated proteins including, S®RP and soluble and
insoluble A31_40 and AB;_4, were assessed in the frontal cortex, which displays
extensive AD pathology in this animal model (Kuleaand Lamb, 2001; Lehman, et

al., 2003).

2. Methods

2.1. Animal model

The transgenic mouse model R1.40 was utilizedHisrstudy. These transgenic mice,
B6.129-Tg(APPSw)40btla/J, were obtained from thekdan laboratory (Bar Harbor,
ME, USA) and colonies of hemizygous and homozygsitains were established in-
house. R1.40 is a genomic-based transgenic mouskelntoat was developed by
Bruce T. Lamb, and it utilizes a yeast artificiaramosome (YAC) that contains the
full 400 kb human APP gene and flanking sequenappfoximately 250 kb to harbor
the Swedish mutation APPK670N/M671L including thentan transcriptional
regulatory elements needed for proper spatial amgboral expression (Reaume, et al.,
1996; Lamb, et al., 1997; Hock and Lamb, 2001). deeeloped hemizygous R1.40
line shows a great increase in APP arfidpfoduction as early as 6 months of age with
AP plague deposition occurring at 24-26 months of eg@pared to the wild type
mice and it was concluded that the mnemonic dsficitR1.40 were similar to those

observed in AD (Lamb, et al., 1999; Hock, et aD02).
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2.2. Genotyping of R1.40 transgenic mice

In order to establish transgenic mice coloniesaerhizygous and homozygous R1.40,
mice were bred and genotyped in-house at the Usityesf Rhode Island. To ensure
the accuracy of genotyping results, two genotypiaghniques were performed:
standard PCR followed by gel electrophoresis oftlafjarose gel, and the TagMan
allelic discrimination assay (Applied Biosystemspster City, CA, USA). The
breeding and genotyping methods were approved hiyelsity of Rhode Island

Institutional Animal Care and Use Committee (IACUC)
2.2.1. DNA isolation

DNA was isolated from mouse tissue as describethénliterature (Truett, et al.,
2000). In brief, tissue was obtained through taipping (2 mm) and was placed in
Eppendorf tubes followed by adding 75ul of a mix2% mM sodium hydroxide
(NaOH) and 0.2 mM ethylenediaminetetraacetic a€idTA). The tubes were placed
in a thermocycler (Bio-Rad, Hercules, CA, USA) 8t0 for 1 hr followed by cooling

at 15 °C. After that, 75ul of 40 mM Tris hydrochtte (HCI) of pH 5.5 was added and
mixed. Tubes were centrifuged at 170@ for three minutes and supernatants were
collected. DNA concentration and quality was checkesing the NanoDrop 2000
Micro-Volume UV-Vis Spectrophotometer (Thermo S¢igry, Wilmington, DE,

USA).

39



2.2.2. Standard PCR and agarose gel electrophoresis

Standard PCR genotyping method for R1.40 mice veaopned as provided by the
Jackson laboratory (Bar Harbor, ME, USA). The prirpairs for the APP transgene
used were: IMR6938 (5-CTT CAC TCG TTC TCA TTC TCICC A-3") and
IMR6939 (5'-GCG TTT TTA TCC GCA TTT CGT TTT T-3')Each reaction
consisted of a mixture of 10l TagMagenotyping master mix (Applied Biosystems,
Foster City, CA, USA), 2ul of each primer and 2uNA from test samples. PCR
amplification step was performed using a thermaay(Bio-Rad, Hercules, CA, USA)
as follows: 94°C for 3 min and then 35 cycles of®4or 30 sec, 65°C for 30 sec and
72°C for 30 sec, and then at 72°C for 2 min. Bangse then separated by gel
electrophoresis on 1.5% agarose gels containiniglieth bromide and bands were
visualized using Typhoon™ 9410 Variable Mode Ima@& Healthcare, Piscataway,

NJ, USA).
2.2.3. TagMafi allelic discrimination assay

To distinguish between hemizyougs and homozygoust®RYAC APP and WT,
TagMar? allelic discrimination assay was performed. SNP oggring assay,
catalogue: M_23312848 20, containing the contexjusece ([VIC/FAM]) TAC
TGC TCA CTC TTT TAA CAA ACA T[A/G]G GAA ACT AAT GAA ATG GTA
TCA CAA was obtained from ABI (Applied BiosystenGarlsbad, CA, USA) and the
assay was performed according to ABI protocol. fBriecach reaction consisted of
6.25ul % TagMar? genotyping master mix (Applied Biosystems, Fostéy, CA,

USA), 0.625ul 28 SNP genotyping assay mix, 3.125ul RNase free waatdr2.5ul
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genomic DNA from test samples. The pre-read run BA&R amplification were
conducted in a 7500 Real-Time PCR System followAj standard protocol, which
was 95°C for 10 min followed by 40 cycles of 92°@ 15 sec and 60°C for 1 min.
Following the post-read run, results were analymsthg the sequence detection
software (SDS, version 1.3) from ABI and the aflaliscrimination scatter plots were

automatically generated.

2.3. Assessment of cognitive deficits in hemizy&du40 transgenic mice

In order to characterize memory and cognitive d@sfin the hemizygous R1.40
transgenic mouse model, behavioral testing in mdhas are dependent on the
integrity of the hippocampus and brain cortex wasducted using the Morris water
maze and spontaneous alternations in the Y-marealEehemizygous APP transgenic
(n=19) and female control wild type (n=18) groudsages ranging between 9-20

months were used.

2.3.1. Morris water maze

We have tested the mice in the hidden versione@Mbrris water maze. In this task,
the mice had to locate the hidden platform by legymnultiple spatial relationships
between the platform and the distal extra-maze ¢4Yeghees and Williams, 2006;
Gulinello, et al., 2009; Laczo, et al., 2009). Tdmparatus consisted of a white 48”
diameter pool that is 30” in height and was filledh water to a depth of 14”. The
water was kept opaque by the addition of white toxie liquid washable paint. The

pool was surrounded by distinct fixed visual cues the animals used to navigate
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to reach the escape platform. A clear Plexiglaggia square of 10 cm was kept
submerged 0.5 cm below the surface of the watez.t@mperature of the water was
kept 25 +2°C during all procedures in the water en&mn Day 15 of tolfenamic acid
administration, mice received a habituation tmahihich they were allowed to swim
freely for 60 sec. On the following day and foratat of 8 days, mice received
training sessions of 3 trials daily. The startiragiion for each trial was randomly
assigned between the four possible positions vthéeplatform position was fixed
in each trial. Each animal was allowed to swim lutitey found the immersed
hidden platform or for a maximum duration of 60.sé¢he mouse failed to locate
the platform, it would be gently guided to sit dmetplatform for a maximum
duration of 30 sec. Mice were also left to sit be platform for a maximum of 10
sec upon successful trial. Upon conducting theddlisition sessions, probe trials for
up to 60 sec on Day 1 and Day 11 following the ¢&st of training were performed
to assess the long term memory retention by stgdyia preference of the mice for
the correct quadrant that previously containedhidelen platform. The swim paths
and latencies to locate the platform were videataad tracked with a
computerized video tracking system (ObjectScanyélleSys. Inc., Reston, VA,

USA) and the resultant data were analyzed.

2.3.2. Spontaneous alternations in the Y-maze

The spontaneous alternation ratio, defined as #neeptage of the number of arm
entries, different from the previous two entries/idkd by the total arm entries

minus two (King, et al., 1999; Hock, et al., 20098s measured. Testing was
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conducted in a white Y-maze with arms that were (@1ig) by 3” (wide) with 8”
height walls. Mice were placed into one of the Yzmarms and were left to explore
the maze freely for 5 minutes. After each triak tmaze was cleaned with 70%
ethanol. Y-maze trials were videotaped and track&ti a computerized video
tracking system (ObjectScan, Clever Sys. Inc., 6tesfA, USA) and the data were

analyzed.

2.4. Animal exposure to tolfenamic acid and behavitesting

Tolfenamic acid was obtained from Sigma Aldrich. (Siuis, MO, USA) and female
hemizygous APP YAC transgenic mice aging betweer2ll4nonths were used to
examine the ability of tolfenamic acid to reduces tamyloidogenic load and to
improve the learning and memory deficits of theemi€he animals were divided into
three groups of similar age variation and were atered tolfenamic acid daily via
oral gavage for 34 days; one group was administeretdy/kg/day tolfenamic acid in
corn oil (n=6); the second group was administer@drg/kg/day tolfenamic acid in
corn oil (n=7) and the third group was administeteth oil, the vehicle, (n=6). After
14 days of daily dosing, mice were tested in tharMovater maze as described in
section 2.3.1. On Day 33, mice were tested for &pm@mous alternations in Y-maze as
described in section 2.3.2. Finally, on Day 35,aniere euthanized and brain tissue
was extracted, dissected and stored at -80°C. &iduprovides a timeline for the
experimental events involved in this study of dradministration and behavioral

assessment.
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2.5. Protein extraction and Western blot analysis

Brain cortices were homogenized with RIPA lysisfeutontaining 10 mM Tris-HCI
[pH 7.4], 150 mM NacCl, 1% Triton X-100, 0.1% SDS,niM EDTA, and 0.1%
protease inhibitor cocktail. The homogenates wemrduged at 10,006 g for 10
minutes at 4°C and supernatants were collectedeiRrievels were determined using
the BCA kit (Pierce Biotechnology Inc., Rockford, IUSA). Fortyug of total protein
was separated on 8% SDS polyacrylamide gel and ttransferred onto
polyvinylidiene diflouride (PVDF) membranes (GE Hthaare, Piscataway, NJ,
USA). Membranes were blocked using 5% non-fat mlKBST (Tris buffered saline
+ 0.5% Tween-20, pH 7.4) for 1 hr. After that, meares were incubated overnight
at 4°C with the specific antibody diluted in TBSAr fL hr (1:2000 dilution of 6E10 for
APP (Covance Research Products Inc., Dedham, MA)W@8d 1:500 dilution of 1C6
for SP1 (Santa Cruz Biotechnology, Santa Cruz, Q@FA). After washing
membranes 4 times with TBST, membranes were inedbftr one hour with the
appropriate anti-mouse IRDY&80 (Li-Cor Bioscience, Lincoln, NE, USA) (1:5000)
at room temperature. After washing the membranegtwith TBST, the images were
developed using the Li-Cor Odyssey infrared imagaygtem (Li-Cor Bioscience,
Lincoln, NE, USA). The membranes were also re-pdofeg f-actin (Sigma Aldrich,
St. Louis, MO, USA) at a dilution of 1:2500 in TB$d obtain the APBfActin ratio.
The intensities of the obtained Western blot barndse determined using Odyssey

V1.2 software (Li-Cor Bioscience, Lincoln, NE, USA)
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2.6. RNA isolation, synthesis of cDNA and quaraReal-Time PCR

RNA was isolated from cortical tissue following tHERIzol® Reagent method
(Invitrogen, Carlsbad, CA, USA), checked for iniggusing NanoDrop 2000 Micro-
Volume UV-Vis Spectrophotometer (Thermo Scientifi¢iimington, DE, USA) and
gel electrophoresis. RNA was reverse transcribetDiSA using the iScrigt! Select
cDNA Synthesis Kit following manufacturer’s insttions (Bio-Rad, Hercules, CA,
USA). About 1000ng of RNA was diluted to 19.5ulkvituclease free water, then 3ul
Oligo (dT) mix, 6ul 5x iScript Select reaction miand 1.5ul of iScript reverse
transcriptase was added. Samples were incubaw#2r@tfor 90 min then at 85°C for
5 min to terminate the reaction. All incubationsreveonducted using MJ Research
MiniCycler™ PTC-150 (Bio-Rad, Hercules, CA, USA). Primer pdis Spl, APP
and B-actin were obtained from Invitrogen (Carlsbad, G#5A) as follows: Spl
sense: 5'-CAA GCC CAA ACA ATC ACC TT-3', and antizee, 5-CAA TGG GTG
TGA GAG TGG TG-3’; APP sense: 5-TGC AGC AGA ACG GATG AG-3, and
antisense: 5-ACA CCG ATG GGT AGT GAA GC-3p-actin sense: 5-TGT TAC
CAA CTG GGA CGA CA-3, and antisense: 5-TCT CAG GTTGG TGG TGA
AG-3'. Each Real-Time PCR reaction mix contained 2ft cDNA, 1ul of each
primer, 8.5l nuclease free water and 12.5u| SYBReen PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). Real-Time PCRswanducted using 7500 Real-
Time PCR System (Applied Biosystems, Foster City, @®SA) following the

standard protocol: 50°C for 2 min followed by 95f@ 10 min, then 40 cycles of
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95°C for 15 sec and 60°C for 1 min. Results wer@yaed using SDS software and

expression data wereported relative t-actinmRNA using the 2 method.

2.7. ELISA Bi_s0and AB1_spassay

Amyloid beta (4) levels both soluble and insoluble fractions wdetermined by
enzyme-linked immunosorbent assay (ELISA) using &nimf;_4 and AB; 4, assay
IBL kits JP27713 and JP27711 (Immuno-Biological dwatories, Gunma, Japan).
These kits are solid-phase sandwiehISA with two types of highly specific
antibodies that are 100% reactive with mouge.4with a sensitivity of 5.00 pg/mL
(JP27713), and 70% reactive with mous@; 4 with 4.03 pg/mL sensitivity
(JP27711). The assay conditions were followed aogrto a method described in the
literature (Morishima-Kawashima, et al., 2000) watilght modifications. Brain tissue
was homogenized in Tris-saline (TS) [50 mM Tris-H@fer, pH 7.4, 150 mM NacCl,

1 pg/ml TLCK (N-a-p-tosyl-L-lysine chloromethyl ketone), 1pg/ml aniipa0.5 mM
DIFP (diisopropyl fluorophosphates), 0.5 mM PMSFE1% protease inhibitor
mixture] and centrifuged at 100,000 g for 20 min at 4°C. The supernatant was
collected as the soluble fraction ofAThe pellet was resuspended in 4 vol of TS and
centrifuged at 70,00& g for 20 min at 4°C. The resultant pellet was disedlyn
500ul of 6 M guanidine-HCI (in 50mM Tris buffer, pfA.6), incubated at room
temperature for 30 min, and centrifuged at 70,9@Xor 20 min at 4°C. The resultant
supernatant was collected as the insoluble fractibAB and diluted by enzyme
immunoassay (EIA) buffer (supplied with the kit) 18x to reduce sample guanidine-

HCl concentration. Protein levels were determinesingi the BCA kit (Pierce
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Biotechnology Inc., Rockford, IL, USA). Aliquots @Qug of protein in 100ul of EIA
buffer) and assay standards were added to 96-\Weép[pre-coated with anti-human
ABi-s0and AB1.47 and were incubated overnight at 4°C. The wellsangashed seven
times with EIA buffer. Then, 100ul of labeled amiity was added to each well
containing sample or standard and incubated atfdf@ hr. The wells were washed
nine times with EIA buffer followed by the additia 100ul of tetramethylbenzidine
(TMB) buffer, and incubated in the dark for 30 matnroom temperature. The reaction
was stopped by adding 100ul of 1NS®,, and the colorimetric absorption was
measured at 450 nm using Spectra Max UV/Vis Spewter (GMI Inc., Ramsey,
MN, USA). The levels of B in the test samples were calculated relative ® th

standard curve generated on each plate.

2.8. Statistical analysis

Biochemical data are expressed as the mean tahdast error of the mean (SEM).
The significance of difference in behavioral penf@ance in the Morris water maze
daily training sessions between the hemizygous Randl the wild type groups was
determined using repeated measure analysis of nea&idANOVA) while probe
trails difference between both groups was deterchimg two-tailed student t-test.
The significance of difference between differematment groups was determined
by repeated measure ANOVA and Tukey-Kramer multipbenparison post-hoc
test. All statistical analyses were conducted usBrgphPad InStat 3 software
(GraphPad Software, La Jolla, CA, USA). Probabiljpy value of <0.05 was

considered statistically significant.
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3. Results

3.1. Genotyping of R1.40 mice

The primer pairs IMR6938 and IMR6938 amplified B bp PCR product from the
mutant human APP whereas no PCR product was exp&cta the non-transgenic
mice (Fig. 2A). Thus, the detected bands at 84nbpgarose gels represent either a
hemizygous or homozygous mutant APP alleles. Alldiscrimination scatter plots
were generated showing three cluster groups cjasgifthe unknown samples as
hemizygous APP mice having both allele A and allBleand as homozygous APP
mice having allele G or wild type mice having omljlele A (Fig. 2B). Thus, by
allelic discrimination assay we were able to idgnhemizygous and homozygous

transgenic APP mice, and the wild type mice as.well

3.2. Hemizygous R1.40 exhibits cognitive impairsevthien tested in Morris water

maze and in the Y-maze

Spatial navigation in the Morris water maze is tye of the tests used to assess
long-term memory functions, which is usually impeairin AD. In the daily sessions
that consisted of three trials per day for a tatfleight days, repeated measure
ANOVA indicated no significant difference in therfiemance in this task, assessed
by measuring escape latency, between the transgeoup and the control wild type
mice (F(7,245) = 0.924 > 0.05) (Fig.3A). However, probe trials that assdsbe
percent time in the correct quadrant that contathechidden platform showed that
as the retention delay increased from Day 1 folhmwthe last day of the daily

training sessions to Day 11, the transgenic midab&ed memory impairment as
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they failed to remember the location of the hidgéatform. As shown in Fig. 3B,
probe trial in Day 1 following the last day of dailraining sessions showed no
significant difference between both groups>0.1). However, after a longer delay
on Day 11 following the last day of daily trainingsssions, the hemizygous R1.40
transgenic mice significantly spent less time (\23% ; SEM = 1.99%) compared

to the control wild type mice (M = 29.8% ; SEM=2%),p = 0.045 (Fig. 3B).

Working memory function was assessed by measun@gpontaneous alternations
in the Y-maze defined as the percentage of the eumiarm entries, different from

the previous two entries, divided by the total aniries minus two. This task is
based on the innate nature of the mice to visitsatimt have not been recently
visited (King, et al., 1999; Hock, et al., 2009)edRlts revealed that hemizygous
transgenic R1.40 mice exhibited impaired workingmoey function as they had a
significantly lower spontaneous alternation rafib £ 0.413 ; SEM = 0.021) than

the control wild type mice (M = 0.496 ; SEM = 0.049= 0.0047 (Fig. 4).

3.3. Treatment with tolfenamic acid reverses thgndove deficits in hemizygous

R1.40 mouse model

We have determined the presence of impaired beftadvigerformance in the
hemizygous R1.40 mice manifested by a decline énltimg-term memory and the
working memory functions as identified by the reitem of the spatial location of the
platform in the Morris water maze and the spontasealternations in the Y-maze,

respectively.
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Thus, we examined the ability of a tolfenamic a@cehtment of 5 and 50 mg/kg/day to
attenuate such learning and memory deficits in ggoof female hemizygous R1.40
transgenic mice aging between 14-21 months. InMbeis water maze task, escape
latency among the treatment and the vehicle grahpsved no significant difference
in daily learning acquisition (Fig. 5A). However,N®VA analysis indicated an
improvement in long-term memory retention in Daypttbe trial (F(2,15) = 4.14%,

= 0.0369) (Fig. 5B). The Tukey-Kramer HSD post-iest showed that mice group
treated with 50 mg/kg/day tolfenamic acid had anigicant improvement (HSD =
3.12,p < 0.05) while the treatment with 5 mg/kg/day fdileo reach significance

(HSD = 0.71p> 0.5) (Fig. 5B).

Results from the ANOVA analysis of the spontanealternation ratio in the Y-maze
showed a significant improvement in working memg¥{2,15) = 4.479p = 0.0298)

(Fig. 6). The Tukey-Kramer HSD post-hoc test regdah significant improvement
with tolfenamic acid treatment of 50 mg/kg/day (HSD!.139,p < 0.05), however,

treatment with 5 mg/kg/day did not reach significaiHSD = 1.30p > 0.05) (Fig. 6)

3.4. Tolfenamic acid treatment lowers SP1 proteithout altering Spl gene

expression

The protein expressions of cortical SP1 normalited3-actin was analyzed by
Western blot following treatment with 5 and 50 nggday for 34 days or with vehicle.
Results analyzed with ANOVA revealed a significdifterence in SP1 protein levels
(F(2.11) = 8.747p = 0.0053) (Fig. 7A). The Tukey-Kramer HSD post-hest

indicated a significant decrease of SP1 after tneat with 5 mg/kg/day tolfenamic
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acid (HSD = 4.145p < 0.05, % change = - 43%) and after treatment \gith

mg/kg/day tolfenamic acid (HSD = 5.732< 0.01, % change = - 52%) (Fig. 7A).

Gene expression of Spl was evaluated for the diffetreatment groups as well.
Analysis of Sp1 mMRNA levels showed that treatmeiti ¥olfenamic acid did not alter
the gene expression of Spl (F(2,16) = 0.¢82,0.922) indicating that the decrease in

SP1 protein levels is not due to a change idetsovogene expression (Fig. 7B).

3.5. Reduction of APP protein and mRNA followirgatment with tolfenamic acid

The protein expressions of cortical APP normalizedp-actin was analyzed by
Western blot following treatment with 5 and 50 nggday for 34 days or with vehicle.
Results analyzed with ANOVA revealed that APP lswekre lowered significantly
(F(2,9) = 8.377p = 0.009) (Fig. 8A). The Tukey-Kramer HSD post-hest indicated
a significant decrease in APP after treatment Withg/kg/day tolfenamic acid (HSD
= 4.877,p < 0.05, % change = - 30.3%) and after treatmernh WD mg/kg/day

tolfenamic acid (HSD = 5.139%,< 0.05, % change = - 32.5%) (Fig. 8A).

In addition to analysis of APP protein levels, Ag¢he expression was evaluated for
the different treatment groups by Real-Time PCR.OMA analysis of APP mRNA
levels revealed a significant decrease in APP gepeession (F(2,15) = 5.23B,=
0.019) (Fig. 8B). The Tukey-Kramer HSD post-hoct texicated a significant
decrease of APP mRNA after treatment with 5 mg/&g/tblfenamic acid (HSD =
3.885,p < 0.05, % change = - 50.3%) and after treatmerh B0 mg/kg/day

tolfenamic acid (HSD = 4.039,< 0.05, % change = - 52.3%) (Fig. 8B).
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3.6. Tolfenamic acid lowers both soluble and inbtEWAS:_s0and AB;_solevels

We measured the levels of corticabApand AB1-42 levels in the Tris-saline-soluble
and in the insoluble fraction using IBL ELISA kitas described in literature
(Morishima-Kawashima, et al., 2000). ANOVA analysiBowed that there was a
significant reduction in solublefA 4o fraction (F(2,14) = 3.8% = 0.04) (Fig. 9A) and
the insoluble AR1_4fraction (F(2,14) = 4.95y = 0.02) (Fig. 9B). The Tukey-Kramer
HSD post-hoc test indicated a significant decreassoluble A3;_4 after treatment
with 50 mg/kg/day (HSD = 3.91p < 0.05, % change = - 30.1%), however, the
lowering of soluble B;_4 after treatment with 5 mg/kg/day did not reachnigance
(HSD = 2.55,p > 0.05, % change = - 21.3%) (Fig. 9A). Multiple gpocomparison
showed a significant decrease in the insolube_4 fraction after treatment with 5
mg/kg/day (HSD = 3.73 < 0.05, % change = - 35.2%) and after treatmettt &0

mg/kg/day tolfenamic acid (HSD = 3.97< 0.05, % change = - 37.4%) (Fig. 9B).

Also, ANOVA analysis showed a significant decreasesoluble A3;_4, fraction
(F(2,14) = 6.174p = 0.012) (Fig. 9C) and the insolublgA,; fraction (F(2,14) =
6.343,p = 0.011) (Fig. 9D). The Tukey-Kramer HSD post-hest indicated a
significant decrease in solublgA,, after tolfenamic acid treatment with 5 mg/kg/day
(HSD = 4.18,p < 0.05, % change = - 22.3%) and after treatmetit %0 mg/kg/day
(HSD = 4.518p < 0.05, % change = - 24.9%) (Fig. 9C). Multipl®gp comparison
showed a significant decrease in the insolubfg_A fraction after treatment with 5
mg/kg/day (HSD = 4.72 < 0.05, % change = - 31.8%) and after treatmetit %0

mg/kg/day (HSD = 4.79 < 0.05, % change = - 37.7%) (Fig. 9D).

52



We also observed that 5 and 50 mg/kg/day tolfenamid treatment reduced total
AP1-49AB1-a0 ratio -16.3% and -19.9%, respectively. Howeves teduction in B1.42

/AB1-40 did not reach statistical significance (F(2.14).#788 ,p = 0.203).

4. Discussion

Several mechanisms have been proposed to explanN®AIDs could exert their
effects on AD independent of their COX inhibitoryatpways. Certain NSAIDs
including indomethacin, fulfinamic acid, ibuprofand fenoprofen are agonists for the
nuclear transcriptional regulator peroxisome peoéfor-activated receptgr(PPARY)
(Lehmann, et al., 1997; Heneka, et al., 2011) iiast been reported to be reduced in
AD brains (Sastre, et al., 2006). PPA&ctivation results in a reduction in the levels
of AB-induced proinflammatory response of microglia amohocytes, and promotes
AP clearance by astrocytes and microglia (Matsu@l.et1996; Combs, et al., 2000;
Daynes and Jones, 2002; Yue and Mazzone, 2009; rgleardColucci, et al., 2012).
In addition, a PPAR responsive element (PPRE) has been identifiethtenBIACE1
gene promoter that is repressed by PiPARding resulting in a decrease in BACE1
expression (Sastre, et al., 2003; Sastre, et @06)2 Weggen et al., reported that a
subset of NSAIDs specifically lowerspfs, that was accompanied by a parallel
increase in Bi.3gsuggesting a minoy-secretase modulatory effect without alteration
of the Notch pathway (Weggen, et al., 2001). Thecdjg AP1-42 inhibition by that
subset of NSAIDs was further studied by Zhou et ahd concluded that the

involvement of Rho-Rock pathway in regulating AP®gessing, and inhibition of

53



Rho activity by specific NSAIDs could preferentialteduce ;.42 (Zhou, et al.,

2003).

Tolfenamic acid, of all other NSAIDs, has the umgmechanism of inducing the
proteasome dependent degradation of SP transerifatators including SP1, SP3 and
SP4 and thereby, decreasing the expression of kaasendothelial growth factors
(VEGF) (Abdelrahim, et al., 2006), which is involen tumor progression and
metastases. Because of its SP degradation eftetfepamic acid has been studied
and research has confirmed its antitumor effectsl@ahim, et al., 2006; Konduri, et

al., 2009; Basha, et al., 2011; Colon, et al., 2011

Sp1l involvement in AD has been researched andstfaand that its expression was
elevated in the frontal cortex of human AD braiasaeell as in the brains of transgenic
mouse models of AD (Santpere, et al., 2006; Citedbml., 2008). The elevation of Spl
was accompanied by an increase in COX-2, anothér t8met gene, suggesting
interplay between inflammatory processes and Spkmligene expression (Citron, et
al., 2008). Sp1 binds to 5-GGGGCGGGGC-rich promaenes such as APP and
BACEL genes, which are involved in AD pathologyd &pl overexpression leads to
induction of their protein expression (Cai, et &Q01; Christensen, et al., 2004;
Citron, et al., 2008). We have reported that silegpof Spl gene by siRNA resulted in
70% decrease in the responsiveness of the humampAfRbter (Basha, et al., 2005).
Also, we have shown the co-localization of APP, &pd A3 in various regions of the
brain (Brock, et al., 2008). Thus, we had propabedhypothesis that tolfenamic acid
could interrupt thele novosynthesis of APP and consequently, alter the doeaust
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levels of A3. This hypothesis was confirmed when oral treatmetit tolfenamic acid
resulted in degradation of SP1 that was accompadnyed reduction in cortical and
hippocampal APP gene expression and protein ghgeptide levels (Adwan, et al.,
2011). This was further supported by measuremehishwdemonstrated the presence

of tolfenamic acid in the brain following IV admstration (Subaiea, et al., 2011).

In the present study, we demonstrate that hemiz/gii40 transgenic mice exhibit
cognitive deficits upon assessment of their workimgmory and long-term memory
retention even before the reported age at whichizy@ous R1.40 start to show
extensiveB-amyloid deposition (Lamb et al., 1999). Spatia@rieng was assessed in
the hidden version of the Morris water maze andfousd that the transgenic mice
were able to learn escaping to the hidden platfiortine daily training sessions (Fig.
3A). However, they exhibited memory retention inmpents in the probe trials as
they failed to memorize the spatial location of tiidden platform with increased
delay (Fig. 3B, Day 11). In addition, working memassessed in the Y-maze was
impaired in these mice with numerous alternatioorerand a lowered alternation
ratio compared to the WT control group (Fig. 4)h#ts been proposed that recent
spatial memory is hippocampal-dependent, while terspatial memory is dependent
on the integrity of the medial prefrontal cortexirflf, et al., 1999; Frankland and
Bontempi, 2005; Teixeira, et al., 2006). In turrgriing memory assessed in the Y-
maze is hippocampal and cortical-dependent (LaloB@82). That, together with the

findings that the R1.40 mouse model exhibits extenamyloid deposition in the
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cortical region compared to that observed in tipgpdcampal formation (Hock, et al.,

2009), may explain the observed results.

We report here that short-term tolfenamic acid aufsiviation was able to improve the
mnemonic deficits observed in hemizygous R1.40. fMend that 50 mg/kg/day
tolfenamic acid was able to reverse the long-teremary retention deficits seen in
delayed probe trial of the Morris water maze expent (Fig. 5B). In addition, the 50
mg/kg/day treatment group showed significant impraent in the Y-maze with less
error in spontaneous alternations (Fig. 6). Howetlez short-term treatment with 5
mg/kg/day showed only modest effects in reversirggrhemory deficits in the mice.
Analysis of amyloid pathology markers indicatedtthath treatment regimens, 5 and
50 mg/kg/day, were able to significantly lower tpeotein level of SP1 without
altering it gene expression (Fig. 7A and 7B), samilo our previous findings in the
C57BL/6 treated with tolfenamic acid (Adwan, et, @011). In addition, both
tolfenamic acid doses significantly reduced thetgrolevels of APP and its gene
expression (Fig. 8A and 8B). Furthermore, levelshef soluble and insolublefA 4o
and A3;_sowere reduced by tolfenamic acid with a trend towawgering the insoluble
fractions of A8 more than that of the soluble fraction. It is pblesthat tolfenamic
acid may aid in clearance of insolubl@ Ay a PPAR activation, however, it is not

clear yet if tolfenamic acid activates PPA&S certain other NSAIDs do.

While tolfenamic acid was effective in lowering tAmyloidogenic proteins with both

doses, we observed dose-dependent improvement icdtnitive deficits. Whether
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longer period of treatment with low dose tolfenara@d could result in significant

improvements in cognitive function is yet to bedétal.

In conclusion, tolfenamic acid is unique among NB#Ilin its ability to inhibit Spl

and thus interrupt APRle novosynthesis and its A products. In this study, we
demonstrated that short-term administration ofetwdimic acid for 34 days reversed
the cognitive deficits in hemizygous R1.40 transgemice. Consistent with our

previous published findings in C57BL/6 mice, SR amyloidogenic levels of APP
and soluble and insolublepf s and AB;-4> were markedly lowered by tolfenamic
acid in AD transgenic mice. These data providehrrievidence that tolfenamic acid
could be a promising therapeutic approach as apepad AD drug acting through an

alternative mechanism.
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Figure II-1. A timeline of tolfenamic acid administration and béiavioral
assessmentMice were administered tolfenamic acid daily for @dys. Behavioral
testing in the Morris water maze began on th8 d&y of dosing with daily training
sessions that lasted until the®8ay of the study. On the 4day of dosing, we
conducted the first session of probe trials (Dayaddl then we performed a second
session of probe trials on the 34th of dosing (D& to assess for long-term memory
retention. Trials for the spontaneous alternatiarthe Y-maze were conducted on the
33% day of dosing as well. Animals were euthanizedhen35" day of the study and

brain tissue was dissected, collected and stor#teir80°C freezer.
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Figure 1l1-2. Genotyping of in-house bred APP YAC transgenic miceline R1.4Q
Genetic identification and allelic discriminationasv performed using standard
protocols (see methods sectioA). Genetic identification of YAC APP transgenic
(Tg) and non-transgenic (non-Tg) mice using stathéAR protocolB) A scatter plot

of allelic discrimination analysis.
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Figure 11-3. Memory impairments in hemizygous APP YAC transgenianice, line
R1.40, assessed by the swimming task in the Morngater maze. A)Acquisition
patterns during daily training) Probe trials for long-term memory retention on Day
1 and 11 following acquisition-training trials. “*indicates that the values are

significantly different from control, as determinkg a Student’s-test £<0.05).

69



4

.
(=]

Latency (sec)
S =1

-
=]

L=

Hidden Platform MWM

Days of Training

——=WT

—-R140

2 Correct Quadrant

ﬂm

400

350 -

300 -

250 -

200

100

50 -

0.0

Long-term Memory Function

1
L

owr

WR1.40

Day1 Day1l o

70




Figure 11-4. Working memory impairments in hemizygous APP YAC transgenic
mice, line R1.40.Mice were examined for working memory function assel by
measuring the spontaneous alternation ratio inYtreaze. “**” indicates that the
values are significantly different from control, dstermined by a Studentistest

(p<0.01)
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Figure II-5. Effects of the administration of tolfenamic acid tohemizygous APP
YAC transgenic mice, line R1.40.Tolfenamic acid was administered daily by oral
gavage for 34 days. See the methods section failslét) Acquisition patterns during
daily training trials of 5 mg/kg/day, 50 mg/kg/dagd vehicle group8) Probe trials
assessing the long-term memory retention on DagadlL 11 following acquisition-
training trials. “*” indicates that values are siigantly different from control, as
determined by ANOVA analysis with Tukey-Kramer pbst test to compare all pairs
of columns pP<0.05), obtained using GraphPad InStat 3 softw®ehicle n=6; 5

mg/kg/day n=6; 50 mg/kg/day n=7.
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Figure 11-6. Working memory improvement in hemizygous APP YAC transgenic
mice, line R1.40, after administration of tolfenamt acid assessed by the
spontaneous alternations in Y-mazeTolfenamic acid was administered daily by oral
gavage for 34 days. See the methods section farslet*” indicates that values are
significantly different from control vehicle, astdemined by ANOVA analysis with
Tukey-Kramer post-hoc test to compare all pairsa@imns p<0.05), obtained using

GraphPad InStat 3 software. Vehicle n=6; 5 mg/kgfue6; 50 mg/kg/day n=7.
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Figure II-7. Reduction of SP1 protein levels in thebrain after treatment with
tolfenamic acid. Tolfenamic acid was administered daily by oral gpvéor 34 days.
See the methods section for detal{y. Western blot analysis of cortical SP1 levels as
a ratio to the house keeping protgHactin after treatment with 5 and 50 mg/kg/day of
tolfenamic acid for 34 day®) Cortical Sp1 mRNA levels determined by Real-Time
PCR. “*” indicates that values are significantlyffdrent from control, as determined
by ANOVA analysis with Tukey-Kramer post-hoc testcompare all pairs of columns

(*p<0.05,**p<0.01), obtained using GraphPad InStat 3 software.
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Figure 1I-8. Reduction of amyloid precursor protein (APP) levels in the brain
after treatment with tolfenamic acid. Tolfenamic acid was administered daily by
oral gavage for 34 days. See the methods sectratetails.A) Western blot analysis
of cortical APP levels as a ratio to the house kegproteinp-actin after treatment
with 5 and 50 mg/kg/day of tolfenamic acid for 3dyd. B) Cortical APP mRNA
determined by Real-Time PCR. “*” indicates thatued are significantly different
from control, as determined by ANOVA analysis withkey-Kramer post-hoc test to

compare all pairs of columnp<0.05), obtained using GraphPad InStat 3 software.

79



APP/B-Actin Ratio

01
D.09
0.08
0.07
0.06
0.05
0.04
0.03
0.0z
001

Vehicle

Smg/kg

50me/keg

Relative APP mRNA

14

T.2

a8

0.6

a4

2.2

Vehicle

smg/lkg

50me/ kg

80




Figure 11-9. Reduction of soluble and insolubleAB;.40 and ABi.4 levels in the
brain after treatment with tolfenamic acid. Tolfenamic acid was administered daily
by oral gavage for 34 days. See the methods se@tiometails. Ap levels were
quantified by ELISA in the cortices of mice treateith 5 and 50 mg/kg/day of
tolfenamic acid for 34 daygA) Soluble A31.40, (B) Insoluble A8;.40, (C) Soluble A3;.
42 and(D) Insoluble A3;1.42levels. “*” indicates that values are significantifferent
from control, as determined ANOVA analysis with BykKramer post-hoc test to

compare all pairs of columnp<0.05), obtained using GraphPad InStat 3 software.
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ABSTRACT
BACKGROUND: We have reported that tolfenamic acid treatmentredeses
amyloidogenic proteins in wild type and transgemmce via lowering of the

transcription factor specificity 1 protein (Sp1l).

OBJECTIVES: In this study, we examine the ability of tolfenanaicid to reduce the
amyloid plaque burden in R1.40 mouse model, asaglb ameliorate spatial learning

and memory deficits in R1.40 and senescent wilé tyjice.

METHODS: Behavioral and immunohistochemical analyses wersfopmed
following the oral administration of multiple dosektolfenamic acid to homozygous

R1.40 and senescent wild type mice for 34 days.

RESULTS: Quantitative immunohistochemical analysis indidateat tolfenamic acid
treatment resulted in a profound decrease in carabmyloid beta () plague burden.
The reduction in the amyloid pathology was accongghby improvements in spatial
working memory assessed by spontaneous alternai@nin the Y-maze. In addition,
senescent wild type mice treated with tolfenamia axhibited improved spatial
reference memory performance in the delayed proaks of the Morris water maze

compared to the non-treated group.

CONCLUSION: These results provide further evidence that talfeic acid could be

utilized as a repurposed drug to modify Alzheimelisease (AD) pathogenesis.

Keywords: Alzheimer's disease; tolfenamic acid; AD transgemnouse model,
learning and memory; Morris water maze; Y-maze; imohistochemistry; amyloid
plaque burden.
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1. Introduction

Alzheimer’s disease (AD) patients suffer from profd general memory loss and
dementia until death and the disease is knowneamthst prevalent neurodegenerative
disorder [1]. Even though Alois Alzheimer has désenl the disease for more than a
century, no cure has been discovered yet [2, Jfe@int brain regions especially in
the cerebral cortex, hippocampus, subcortical marid amygdala suffer extracellular
senile plagues and intraneuronal neurofibrillaryngtas (NFTs) formation that
characterize the neuropathological deposits idedtiin AD [2, 4]. Neuritic plaques
induce the proliferation of astrocytes and micragliith altered morphology leading
to inflammatory responses that contribute to th&inodegeneration observed in the

disease [5, 6].

Senile plaques are mainly composed of aggregategtbahbeta (A3) peptides, which
are 38-43 amino acids long, that are generatedhbycteavage of the amyloid
precursor protein (APP) by the beta-site APP-clegvenzyme 1 (BACE1l) ang-
secretase [7, 8]. The formation of the insolubfed&positions depends on the rate of
AP production and the rate of its elimination. Thilng amyloid hypothesis of AD was
developed, suggesting that amyloid plaque aggredatened by the amyloidogenic

breakdown of APP cause the neurodegeneration andrd&a seen in AD [9].

Current FDA approved medications for AD are noedse-modifying therapies and
do not stop the progression of AD [10]. Tolfenanacid, a non-steroidal anti-
inflammatory drug (NSAID), induces the degradatioh the transcription factor

specificity protein 1 (Spl) [11]. Spl regulates theression of several AD-related
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genes, and its expression is elevated in the frootéex of human AD brains as well
as in the brains of transgenic mouse models of AP, [L3]. We have previously
provided proof-of-concept that tolfenamic acid mipts thede novosynthesis of APP
and consequently, alters the downstream levels of14]. Treatment of wild type
C57BL/6 mice with tolfenamic acid lowered the lesveff Spl protein (SP1) and the
expression of AD-related Spl target genes includhiRP [14], tau and BACE1l
(unpublished observations), and was supported l@sarements which demonstrated
the presence of tolfenamic acid in the brain follayvIV administration [15]. In
addition, data from our lab showed that tolfenaaui reversed the cognitive deficits
in the hemizygous R1.40 transgenic mouse model @faAd lowered the levels of

SP1, APP and soluble and insolublg Ajand A31 42

The purpose of the current study was to investigiaeability of tolfenamic acid to
lower AB plaque load in old homozygous R1.40 mice that @kHibrillar plaque
depositions between the ages of 14 and 15 montBs IZ]. Furthermore, we
investigated if tolfenamic acid would ameliorate ttognitive impairments even long
after plaque deposition has begun in homozygoug@Rinice. In addition, we also
administered tolfenamic acid to senescent wild typee to determine whether the
treatment could enhance their mnemonic functiontheg express age-related spatial

working and reference memory decline in the absehpéaque deposition.
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2. Methods
2.1. Animal model

Wild type mice and a genomic-based transgenic mousgel, R1.40, were utilized
for this study. The transgenic mice, developed bycB T. Lamb, were obtained from
the Jackson laboratory (Bar Harbor, ME, USA) antbmies of homozygous strains
were established in-house. The R1.40 mouse moditest a yeast artificial
chromosome (YAC) that includes the full 400 kb han#ePP gene and the flanking
sequence of approximately 250 kb to harbor the ®kedmutation
APPK670N/M671L and human transcriptional regulata@aiements, allowing for
proper spatial and temporal expression [18-20]. Tim@emonic deficits in
homozygous R1.40 are similar to those observedDnaAd the model shows a great
increase in APP andfAproduction with A deposition occurring at 14-15 months of

age compared to the wild type [21, 22].

Mice colonies were established in-house at the éfsity of Rhode Island (URI)
animal quarter facility. Mice were bred and genetypusing two genotyping
techniques including standard PCR followed by g#dcteophoresis, and was
confirmed using the TagM&nallelic discrimination assay (Applied Biosystems,
Foster City, CA, USA). Mice of different genotypegre housed in standard mouse
cages in rooms with temperature maintained at 22+®fth humidity levels of
55+5%. The rooms were set for 12:12 hr light-day&le (light on 6:00 AM, light off
at 6:00 PM) and the animals were provided with feod water ad libitum. A URI

veterinarian continuously supervised the animalsnduhe entire period of the study
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and assisted in drug administration. All the protecincluding breeding and
genotyping techniques were approved by the URIituiginal Animal Care and Use

Committee (IACUC).

2.2. Animal exposure to tolfenamic acid and behavioeating

Tolfenamic acid was obtained from Sigma Aldrich.(&buis, MO, USA) and

homozygous APP YAC transgenic mice of mixed geragng between 19-24 months
were used to examine the ability of the drug taiocedthe amyloidogenic plaque load
and to improve the learning and memory deficitseobsd in these mice. The animals
were divided into three groups of similar age arehdgr variation and were
administered tolfenamic acid daily via oral gavdge 34 days; one group was
administered 5 mg/kg/day tolfenamic acid in corh(oF7); the second group was
administered 50 mg/kg/day tolfenamic acid in coilnm=6) and the third group was
administered corn oil, the vehicle, (n=7). In anbhi tolfenamic acid was

administered to old wild type mice of mixed gendging between 18-24 months in
order to study its effects on learning and memohge animals were divided into three
groups of similar age and gender variation and veeheinistered tolfenamic acid
daily via oral gavage for 34 days; one group wasiatstered 5 mg/kg/day tolfenamic
acid in corn oil (n=11); the second group was adstened 50 mg/kg/day tolfenamic
acid in corn oil (n=10) and the third group was adstered corn oil, the vehicle,

(n=13).
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2.3. Assessment of cognitive functions following tolfieica acid treatment in

homozygous R1.40 transgenic mice and wild type mice

Memory and cognitive functions in homozygous Rltrédsgenic and wild type mice
were characterized through behavioral testing izeaahat examine the integrity of
the hippocampus and the brain cortex including Werris water maze and

spontaneous alternations in the Y-maze. After 4 déd daily dosing, testing began in
the Morris water maze and on Day 33 mice were defstespontaneous alternations in

Y-maze. Finally, on Day 35, mice were euthanized larains were extracted.

2.3.1. Morris water maze

Mice were tested in the hidden version of the Mowater maze where they had to
locate a hidden platform by learning multiple splatielationships between the
platform and the distal extra-maze cues [23-25k @&hparatus consisted of a white
48" diameter pool that is 30” in height and watetll with water to a depth of 14”.
Non-toxic washable liquid paint was added to théew#o keep it opaque. Distinct
fixed visual cues surrounded the pool that the afsnused for navigation while
trying to reach the escape platform. A clear Plesiglatform square of 10 cm was
kept submerged 0.5 cm below the surface of therw@he temperature of the water

was always kept around 25 £2°C during all proceslureéhe water maze.

Habituation trial in which mice were allowed to swireely for 60 sec to acclimate
to the procedure was conducted on Day 15 of dragrastration. On the following

day and for a total of 8 days, mice received tragrsessions of three trials daily. For
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each trial, the starting position was randomly grssdl between the four possible
positions while the platform position was kept th@me for the entire training

sessions.

Each animal was allowed to swim until it found themersed hidden platform or for
a maximum duration of 60 sec. A mouse that faieetbcate the platform in the first
60 sec would be gently guided to sit on the platféor a maximum duration of 30
sec. Upon a successful trial, the mouse would fietdesit on the platform for a
maximum of 10 sec. Following conducting the eighguasition sessions, probe
trials for up to 60 sec on Day 1 and Day 11 follogvihe last day of training were
performed to assess the long-term memory retentibis. was achieved by studying
the preference of the mice to swim in the corre@dyant that previously contained
the hidden platform. All trials including the swipaths and latencies to locate the
platform were videotaped and tracked with a commed video tracking system
(ObjectScan, Clever Sys. Inc., Reston, VA, USA) dhd resultant data were

analyzed.

2.3.2. Spontaneous alternations in the Y-maze

The spontaneous alternation ratio, defined as éneeptage of the number of arm
entries, different from the previous two entries/idkd by the total arm entries
minus two was measured [22, 26]. Testing trialseneanducted in a white Y-maze
with arms that were 12” (long) by 3” (wide) with &gight walls. Mice were placed
into one of the Y-maze arms and were left to ex@ptbe maze freely for 5 minutes.

After each trial, the maze was cleaned with 70%amth Y-maze trials were
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videotaped and tracked with a computerized videsking system (ObjectScan,

Clever Sys. Inc., Reston, VA, USA) and the dataenaaralyzed.
2.4. Tissue preparation

Following 34 days of daily administration of tolfamic acid and on Day 35,
homozygous R1.40 mice were deeply anesthetizedamitimtraperitoneal injection of
0.1 ml/10g of xylazine-ketamine mixture (100 mg/M@l-mg/ml) and were perfused
transcardially with 100 ml of perfusion wash thansisted of 0.8% sodium chloride,
0.8% sucrose, 0.4% dextrose, 0.034% anhydrous modacodylate and 0.023%
calcium chloride. After that, mice were perfusedhwi00 ml of perfusion fix that
consisted of 4% paraformaldehyde, 4% sucrose afd%l.anhydrous sodium
cacodylate and the brains were removed. The egtidatains were post-fixed in the
perfusion fix solution overnight and then they wergopreserved in 30% sucrose
solution. Fixed brains were subject to coronalisaatg (40 pm) and collection using
MultiBrain® Technology (NeuroScience Associates, Knoxville, , TNSA) and
sections were stored in preservative fix at -20R@itiBrain® Technology allows
brains from different groups to be embedded togethehe solid matrix and to be
processed as a single unit. That enabled treataiehfferent brain sections under the
same conditions providing more built-in quality twh leading to obtaining uniform
staining. For the wild type group, on Day 35, thiee were anesthetized with carbon

dioxide, euthanized and their brains were extraatetistored at -80°C.
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2.5. Immunohistochemistry

To identify and quantify amyloid plaques in braetsons from different groups, free-
floating sections were taken from the preservatotution and were washed with
distilled water. That was followed by washing witK phosphate buffer saline (PBS)
three times, three min each. After that, sectioesewmmersed in a solution of 3%
hydrogen peroxide (}D,) for 30 min to quench the endogenous peroxidaseitstc
Sections were rinsed three times with PBS for thmée each and then incubated in
70% formic acid solution for 30 min at room tempera. The sections were washed
with PBS three times, three min each and were ia@bin 3% bovine serum albumin
(BSA) and 0.1% Triton X-100 for 30 min. After rimg with PBS, sections were
Incubatedwith 11 antibody against B (6E10, Sig-39320, Covance, Dedham, MA,
USA) of 1:200 dilution overnight at 4°C. That wasdlédwed by incubation with the
appropriate species-specific  biotinylated secondaagtibody (Vector Labs,
Burlingame, CA, USA) of 1:500 dilution for 30 mima then the sections were
incubated with horseradish peroxidase HRP-conjulgateeptavidin (Vector Labs,
Burlingame, CA, USA) for 30 min. After that, sect®owere washed with PBS and the
immunoreactivity was detected and visualized witlne t substrate 3-3,
diaminobenzidine (DAB) (Vector Labs, Burlingame, G4SA). Brain sections were
counterstained with hematoxylin. The sections wanted on microscope slides
according to procedure provided by NeuroScienceodiates and coverslips were

mounted with permanent mounting medium (Vector L&wslingame, CA, USA).
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2.6. Quantification of & plaques

Evaluation of the extracellularpAplaque load in the cerebral cortex was performed
using a Nikon Eclipse E600 microscope (Nikon, MiéyiNY, USA) attached with a
Diagnostic Instruments digital camera and using BPQlagnostic Instruments
software (Diagnostic InstrumentSterling Heights, MI, USA). Serial images of 10X
magnification were captured on four sections p@émahthat were 80 um apart from
each other. Using ImageJ software from NIH (Bethe8dD, USA), the images were
binarized to 16-bit grey scale and were segmerdetistinguish the aggregates from
background. The minimum and maximum size was sekt¢tude objects in the image
that were clearly not of interest and data werdect#d including size, number and
area of the plaques. Amyloid burden was expresseldeapercent area stained positive

for AP to the total area analyzed.

2.7. Statistical analysis

The significance of difference between differematment groups was determined
by repeated measure analysis of variance (ANOVA) @okey-Kramer multiple
comparison post-hoc test. Data are expressed asdae * the standard error of the
mean (SEM). All statistical analyses were conduatsthg GraphPad InStat 3
software (GraphPad Software, La Jolla, CA, USA)arabability () value of <0.05

was considered acceptable for statistical sigmfiea
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Results

3.1. Treatment with tolfenamic acid attenuates ¢bgnitive deficits in homozygous

R1.40 mouse model

We examined the effects of tolfenamic acid treatn@n5 and 50 mg/kg/day on
learning and memory in groups of old homozygous4Rltransgenic mice aging
between 19-24 months. There was a significant effetraining as ANOVA analysis
showed that the difference in escape latency betvwie first and the last day of
training sessions was statistically significant7(E62) = 7.293p < 0.0001). The
results showed that in the Morris water maze, tifierdnce in the escape latency
during the training phase between different expental groups was not statistically
significant. However, the tolfenamic acid treatadups showed a trend of better
performance than the control vehicle group throdgis 4-8 of the training sessions
(Fig. 1A). Analysis of probe trials Day 1 and Dag indicated that while both
tolfenamic acid treatment groups scored higher gyegages in the correct quadrant
than the control group in both probe trials, thdéfedence was not statistically

significant > 0.05) (Fig. 1B).

Nevertheless, results from repeated measures AN@N&Aysis of the spontaneous
alternation ratio in the Y-maze showed a signiftgammproved working memory
function (F(2,14) = 4.49% = 0.0311) (Fig. 2). The Tukey-Kramer HSD post- st
indicated a significant effect of 50 mg/kg/day ési&mic acid treatment in improving
spatial working memory (HSD = 3.703, < 0.05), while the treatment with 5

mg/kg/day did not reach significance (HSD = 049%,0.05) (Fig. 2).
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3.2. Effects of tolfenamic acid treatment on spdé&arning and memory in old wild

type mice

Several studies have reported age-related spagatary impairments and thus we
wanted to examine whether tolfenamic acid treatmeuntd alter learning and memory
in old C57BL/6 mice. Again, there was a significaftect of training as ANOVA
analysis showed that the difference in escapedgtbatween the first to the last daily
training sessions was statistically significant7(264) = 8.858p < 0.0001) (Fig. 3A).
Our results showed that in the Morris water mazé,tthe escape latency during the
training phase of the different experimental grow@s not statistically significant.
However, repeated measures ANOVA analysis of prolae Day 11 revealed a
significant improvement in the spatial referencemogy function (F(2,29) = 4.81h

= 0.0291) (Fig. 3B). The Tukey-Kramer HSD post-hiest showed that mice group
treated with 5 mg/kg/day tolfenamic acid dose hathaificant improvement (HSD =
3.828,p < 0.05) while difference in percent time mice dpenthe correct quadrant
after treatment with 50 mg/kg/day versus the cdrgroup did not reach statistical

significance (HSD = 2.63% > 0.5) (Fig. 3B).

In the Y-maze, ANOVA analysis of spontaneous aligam ratio did not indicate a

significant difference between different treatmgrdaups (F(2,30) = 0.45p = 0.641)

(Fig. 4).
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3.3. Tolfenamic acid treatment significantly redsid amyloid deposition in aged

homozygous R1.40 mice

As described in the literature, the homozygous &lmouse model develops
extracellular A plaques that start to be evident between the @igbk$ and 15 months
[16, 17]. Tolfenamic acid treatment with both dogesatly reduced amyloid plaque
pathology in multiple cerebral cortical regions lswus the primary somatosensory
cortex, parietal association cortex, auditory ocoréad insular cortex, compared to
non-treated mice (Fig. 5A). Quantitative immunobéstemistry analysis revealed that
tolfenamic acid treatment for 34 days significantibyvered A plaque deposition
F(2,14) = 6.685p = 0.009) (Fig. 5B). The Tukey-Kramer HSD post-test indicated
that 5 and 50 mg/kg/day tolfenamic acid doses ledeamyloid deposition
significantly (HSD = 3.779p < 0.05 and HSD = 5.012 < 0.01, respectively) (Fig.
5B). Consistent with previously reported data déstg the pathology and the
behavioral deficits in homozygous R1.40 [22], theu&s no correlation between the
extent of A3 deposition and the time spent in the correct caradduring the probe
trials conducted in Day 1 and Day 11 following thening sessions (Day 1 retention,
r(17) = 0.049p > 0.1; Day 11 retention, r(17) = -0.148> 0.1). However, there was
a significant correlation between the plaque burded the spontaneous alternation

ratio (r(17) = -0.482p = 0.042).

3. Discussion

Certain NSAIDs have been shown to alter AD pathplagd attenuate learning and

memory deficits in murine mouse models of AD by hedsms other than their
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classic cyclooxygenase (COX) inhibition pathway ahdve led researchers to
consider such NSAIDs as potential disease-modifyagents for AD [27-29].
Tolfenamic acid, of all other NSAIDs, has the umgmechanism of inducing the
proteasome-dependent degradation of SP transerifatators including SP1, SP3 and
SP4 and thereby, decreasing the expression ofabeular endothelial growth factors
(VEGF), which is involved in tumor progression amédtastases [11]. Elevated levels
of Sp1 have been found in the frontal cortex oftirens of AD patients as well as in
the brains of transgenic mouse models of AD [12]. ll8terplay between
inflammatory processes and Spl-driven gene exmressgs been suggested, as the
elevation of Spl was accompanied by an increaS€¥K-2 expression, an Spl target

gene [12].

Spl induces the expression of genes involved inpahology which include APP,
BACE1 and tau as their promoter regions are rich -GGGGCGGGGC- sequence
that Spl binds to [12, 30, 31]. Thus, we hypothaiand we showed that tolfenamic
acid could interrupt thee novosynthesis of APP and alter the downstream levels of
AP in C57BL/6 mice [14] and hemizygous R1.40 transggeleading to improvements

in learning and memory profiles.

As a genomic-based transgenic mouse model of AD4(Rline represents a valuable
tool for assessing the effects of potential AD dipeutics in reducing amyloidogenic
pathology and in improving learning and memory pesf At 14-15 months of age,
homozygous R1.40 mice exhibit depositions of exltatar AB plaques accompanied

by cognitive deficits [16, 17, 22]. The mice dentpate the ability to learn the
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location of the hidden platform during daily traigisession trials in the Morris water
maze; however, they exhibit a decline in long-temamory retention compared to
non-transgenic mice as assessed by probe trialaddition, when these mice were
assessed for the spontaneous alternation ratili@nYtmaze, impairments in the

working memory functions were observed [22].

The present study provides the first evidence efahility of a relatively short-term
tolfenamic acid treatment to reduce Adlaque burden drastically in homozygous
R1.40 compared to longer treatments for 6-9 moimthather transgenic models with
another NSAID, namely ibuprofen [32, 33]. It wasabbserved that tolfenamic acid
treatment results in a greater lowering d¢f peptide levels in wild type C57BL/6 and
hemizygous R1.40 mice compared to the reductioAR® ([14]; unpublished data),
indicating that additional mechanisms responsibbe plaque degradation and

clearance of A are involved.

We also examined the ability of tolfenamic acidatneent to attenuate the spatial
memory deficits observed in old homozygous R1.4@emaging between 19-24
months, which have been suffering fronfs Alaque deposition reported to start as
early as 14 months of age [21]. We found that koitkes of 5 and 50 mg/kg/day
resulted in a trend of shorter latency during dMlyrris water maze training trials and
higher percentage in the correct quadrant durintp fpoobe trials compared to the
vehicle treated group. However, those differencemfthe vehicle treated group did

not reach statistical significance.
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We exposed animals to tolfenamic acid at senescehdst the combined effect of
age and the mutant transgene persisted. Thus, itayvire amyloidogenic pathology
may not have been sufficient enough to retrieveughospatial reference memory
capabilities to perform significantly well in thedvtis water maze compared to the
non-treated group. At the onset of tolfenamic aexghosure, the extensive plaque
pathology in different cortical regions has beewfiect for a long period of time. It is
well known that 4 plaques are toxic, affect synaptic plasticity, atunulate the
production of reactive oxygen species (ROS) leadinglevations in the oxidative
stress and neuronal cell death. It is possible thatdamage by [\ deposition on
memory networks was extensive and irreversiblehgytime treatment started, even

though tolfenamic acid treatment reduced the pldquden significantly.

Alternatively, there may be a lesser connectiomvbeh spatial memory functions and
the plaque burden. The previous explanation is aueg by the fact that tolfenamic
acid significantly improved mice performance in g@ontaneous alternations in the
Y-maze. The spontaneous alternations task is mai@bendent on the hippocampus
and the prefrontal cortex [34], and as describetieniterature, R1.40 mice only show
scattered A plaque deposition in hippocampal formation [16] 2¢hich is in

consistency with our observations (data not shown).

In aged wild type C57BL/6 mice, short-term tolfenaracid administration was able
to improve certain spatial mnemonic deficits. Dataalysis of Morris water maze
probe trial in Day 11 shows that tolfenamic acidngicantly improved spatial

reference memory while there was no effect in inapprg the spatial working memory
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assessed by spontaneous alternations in the Y-ridédigk.type mice do not develop
amyloid plaque pathology, however, tolfenamic a@duces APP and fAlevels in
C57BL/6 mice [14]. It is not clear if the improvegatial reference memory was due
to the reduction of B levels or due to tolfenamic acid’'s effects on otpathways

mediated by COX inhibition or by non-COX effects.

We have found that f\levels in hippocampus were lowered by tolfenanaid §14],
however, spontaneous alternation ratio was notealtby tolfenamic acid treatment. It
is possible that non-amyloidogenic processes tfenat altered by tolfenamic acid
treatment are contributing strongly to the ageteelaspatial working memory
impairments in C57BL/6 mice. For example, thosaaitsfwere explained as due to
alterations in the synaptic plasticity within thipgocampal formation [35] that were
attributed to changes in the functional properte®MDA receptors and changes in
calcium homeostasis [36-38]. Fordyce and Wehnegestgd that reduction in the
activity membrane-bound protein kinase C (PKC)hia hippocampus was associated
with the age-related decline in spatial learningl amemory [39]. In addition, the
increase in reactive oxygen species (ROS) and boaidative stress is another
mechanism involved in age-related behavioral dsfipd0, 41]. Furthermore, it has
been reported that hippocampal glucose levels teplecontributes to memory
dysfunction, and that systemic glucose administratieverses the age-dependent

decrease in the spontaneous alternation ratiodf3]2,

Consistent with our prior findings in hemizygous .&1 mice, the present study

indicates that tolfenamic acid is effective in louwg the amyloidogenic proteins and
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AP plagues with both doses, with dose-dependent ngonents in cognitive deficits.
We still have to study the effects of extendedgukof tolfenamic acid exposure with
low doses as it may result in significant improveitsein cognitive functions. It is
essential to mention that compared to other FDA@mud AD drugs and NSAIDs,
tolfenamic acid significantly decreased plaque platlpy and produced significant
behavioral improvements in a relatively short diorabf treatment. For example, 0.58
mg/kg/day donepezil, an FDA-approved anticholineste drug for AD, improved
performance in the Morris water maze after two rhenbf treatment in APP23
transgenic mice [44]. AnothéfDA-approved drug for use in moderate to severg AD
memantine, improved cognition in 3x TG-AD mice afteree months of treatment
[45]. In addition, ibuprofen was able to produce improeatrin cognitive functions in
triple transgenic mice (APPswe, PS1M146V and tadBBOfollowing its

administration for six months [46].

In conclusion, we report that tolfenamic acid tneant drastically reducespAplaque
pathology that is accompanied by improvement irtigpkearning and memory in a
murine mouse model of AD. This occurs within a périhat is much shorter than that
observed with other NSAIDs. Our data suggest thiégriamic acid treatment can also
combat certain age-related mnemonic deficits irdwijlpe mice. The data provide
further evidence of the ability of tolfenamic acidyough Spl reduction, to disrupt the
development and the progression of the pathologmalcesses of AD. Thus,
tolfenamic acid, as a repurposed AD drug, couldaligromising disease-modifying

therapeutic agent acting through an alternativehaeism.
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Figure IlI-1. Effects of tolfenamic acid on spatial reference meary in
homozygous R1.40 miceTlolfenamic acid was administered by oral gavagly fiar

34 days and behavioral testing was conducted inMbais water maze. See the
methods section for detail8) Acquisition patterns during daily training tridts the

5 mg/kg/day, 50 mg/kg/day and vehicle grouB$;Probe trials assessing the long-
term memory retention on Days 1 and 11 followinguasition training trials. Data
were analyzed by ANOVA with Tukey-Kramer post-hesttto compare all pairs of
columns, obtained using GraphPad InStat 3 softwéehicle n=7; 5 mg/kg/day n=7,

50 mg/kg/day n=6.
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Figure IlI-2. Working memory improvement in homozygous R1.40 tramgenic
mice after administration of tolfenamic acid. Tolfenamic acid was administered by
oral gavage daily for 34 days. Working memory waseased by spontaneous
alternations in the Y-maze. See the methods sedtiprdetails.“*” indicates that
values are significantly different from control velk, as determined by ANOVA
analysis with Tukey-Kramer post-hoc test to compateairs of columnsp<0.05),
obtained using GraphPad InStat 3 software. Vehist&; 5 mg/kg/day n=7; 50

mg/kg/day n=6.
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Figure 1lI-3. Administration of tolfenamic acid to old wild type mice alters
spatial reference memory.Tolfenamic acid was administered by oral gavagé/ da
for 34 days. Spatial reference memory was testetienMorris water maze. See the
methods section for detail8) Acquisition patterns during daily training tridisr the

5 mg/kg/day, 50 mg/kg/day and vehicle grouB3.Probe trials assessing the long-
term memory retention on Days 1 and 11 followingjuasition training trials. “*”
indicates that values are significantly differemonfi control, as determined by
ANOVA analysis with Tukey-Kramer post-hoc test tongare all pairs of columns
(p<0.05), obtained using GraphPad InStat 3 softwsehicle n=13; 5 mg/kg/day

n=11; 50 mg/kg/day n=10.
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Figure Ill-4. Performance of old wild type mice in the Y-maze fddbwing
administration of tolfenamic acid. Tolfenamic acid was administered by oral gavage
daily for 34 days. See the methods section forildetdehicle n=13; 5 mg/kg/day

n=11; 50 mg/kg/day n=10.
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Figure 1lI-5. Treatment with tolfenamic acid reduces cortical A plaque burden

in homozygous R1.40 miceTolfenamic acid was administered by oral gavagéydai
for 34 days. See the methods section for detdjlRepresents images offAlaque
morphology and density in the cerebral cortex iffedent treatment groups after
immunohistochemical staining againsp Aising 6E10 antibody. CT TG = control
transgenicB) Quantification of total A plaque area. “*” indicates that values are
significantly different from control, as determinbg ANOVA analysis with Tukey-
Kramer post-hoc test to compare all pairs of colsirtip<0.05, **p<0.01), obtained

using GraphPad InStat 3 software. Vehicle n=5; &giday n=7; 50 mg/kg/day n=5.
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