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ABSTRACT:Alzheimés disease (AD) is the most common
neurodegenerative disease, and its main hallmark is the depositiog
of amyloid beta (A peptides. However, several clinical trials (
focusing on Atargeting agents have failed recently, and thus ne i
therapeutic leads are focusing on alternate targets such as tas
protein pathology, A metal induced oxidative stress, and
neuroinammation. To address thesedént pathological aspects

of AD, we have employed a multifunctional compound, L1 [4- n P
(benzof]thiazol-2-yl)-2-((4,7-dimeyl-1,4,7-trzonan-1-yl)- 7Ffu">m%
methyl)-6-methoxyphenol], that integratesinferacting and@‘ﬁ@ﬂ

metal-binding fragments in a single molecular framework, exhibitg: " -
signi cant antioxidant activity and metal chelating ability, and also

rescues neuroblastoma N2A cells froffiGduced A neurotoxicity. Along with demonstratingivoA -binding and favorable

brain uptake properties, L1 treatment of transgenic 5xFAD micasignieduces the amount of both amyloid plaques and
associated phosphorylated tau (p-tau) aggregates in the braib8 %#6rsus the vehicle-treated 5XxFAD mice. Moreover, L1
mitigates the neuroiammatory response of the activated microglia during-thduged inammation process. Overall, these
multifunctional properties of L1 to attenuate the formation of amyloid plaques and associated p-tau aggregates while also reduc
the microglia-mediated neur@mmatory response are quite uncommon among the previously reported amyloid-targeting
chemical agents, and thus L1 could be envisioned as a lead compound for the development of novel AD therapeutics.

KEYWORDS:Alzheimés disease, amyloid beta peptid@noid plaques, oxidative stress, phosphorylated tau aggregation, p-tau,
neuroirammation, microglia activation
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INTRODUCTION targeting drugs have failed recéntfyand thus the amyloid

Alzheimes disease (AD) is an irreversible neurodegeneratié@scade hypothesis is being reconsidered and new therapeutic
disorder that gradually destroys memory and thinking skill§ads are focusing on alternate targets such as tau protein
thereby devastating the quality of life for patients and theRathology or neuroiammatiort® ** Thus, it has been
families, and is a huge burden not only on patients buiroposed that therapeutic agents targeting the tau pathology
especially on caregivefsThe main neuropathological and neuroirammation could be more eetive than A
hallmark of the brains of AD patients is the deposition ofargeting agents, since tau hyperphosphorylation and phos-
amyloid plagques comprising mainly the amyloid beja (A phorylated tau (p-tau) aggregation is more closely correlated
peptide, and in light of the amyloid cascade hypothesis t#& the cognitive and clinical symptoms of AD than the amyloid
reduction of amyloid deposition in the brain has been the Maflaque formatiol’, *° although the amyloid plaques have

target for the development of AD therapetkitee recently, been shown to facilitate thimitial p-tau aggregation

soluble A oligomers were found to be the most neuro'[OX'Csurrounding the amyloid plaques and the spread and formation

species and are directly implicated in synapse loss and neur%'?%tracellular neurbrillary tangles (NFT&5 Therefore

injury*> as the soluble Aoligomers can perturb signal it is | tant to devel hemical ts that trol
transduction via the interaction with lipid membranes oft 'S Important to develop chemical agents that can contro

membrane-bound receptors leading to a loss of function a=s

cell deatfi” Received: February 28, 2020
However, currently there are onhg FDA-approved drugs Accepted: April 20, 2020

for the symptomatic relief related to AD, and only a few of thBublished: April 20, 2020

ongoing clinical trials targeting the variouaglyregates have

shown signtant results toward the approval of new AD

drugs’ *° In addition, several clinical trials focusing on A
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both amyloid plaque formation and the associated p-taturthermore, the high aity of the BFCs toward metal ions
aggregation as moreatent AD therapeutics. as well as Aspecies allowed the use of®ftieI complexes of
Another pathological aspect of AD is that transition metdhese BFCs as positron emission tomogr%[ghy (PET) imaging
ions (Cu, Zn, and Fe) are found in abnormally highagents for the detection of Aggregatés vivo’® Herein we
concentration within the amyloid plaque deposits, and theseport thein vivotherapeutic ecacy of a multifunctional
metal ions were also shown to stabilize neurotoxic Acompound (MFC), 4-(benzdjthiazol-2-yl)-2-((4,7-dimethyl-
oligomers? ??while A Cuand A Fe species can catalyze 1,4,7-triazonan-1-yl)methyl)-6-methoxyphenol (L1), that con-
the formation of reactive oxygen species (ROS) and lead t@ins a 2-phenylbenzothiazole fragment fobiAding, a
oxidative stress and neurammatiori® ?° Due to the  triazacyclononane (TACN) macrocycle as a higityanetal
unwanted interactions of the metal ions with thpeftides ~ chelator, and a vanillin moiety with antioxidant and
and the abnormal accumulation of metal ions in the amylogtiamyloidogenic prqperﬁ%s“. While the coordination
plagues, bifunctional chelators (BFCs) such as clioquin6hemistry,in vitroa nity for A aggregatesn vitro A
(CQ) and 8-hydroxyquinoline analog (PBT2) containing bothmodulation, aneh V'V064CU'PE;£ imaging application of L1
A -interacting and metal-binding sites have been developedh%Ve been reported recefitly, herein we are reporting
address the disruption of metal homeo&ta&ihese BFCs totally new result_s for L1, focusing on its ability to attenuate
were shown to restore cognitive function in an AD mousg€Vveral pathological hallmarks of AD in transgenic SxFAD
modet® **and to modulate the interaction of metal ions withMce- The eect of L1 on metal-mediated foxicity was
the A peptides via the formation of a ternary complex (A evaluated via vitrocytotoxicity, antioxidant activity, and A
BFC metal) that reduces the toxicity of metal-inducesr A~ 299regation kinetic assays, and the lioai barrier (BBB)
ROS productiof®® 3 In spite of these promisiity vitro permeability of L1 and its ability to bindaigregates vivo
results, however, there are very few examples of BFCs that g8 corrmed through uorescence microscopy and two-

: Lo photon microscopy. We have also demonstrated that upon
tsrg%\gg ert\?c Z‘g‘mgé‘@% Aaggregation process vivoin treatment of transgenic 5XxFAD mice with L1 for 30 days, the

We have also designed and developed BFCs that integrl \éel of amyloid plaques in the treated AD mouse brains was

X . T ; : own to decrease by up to 50% vs the vehicle-treated AD
A -interacting and metal-binding groups in a single moleculﬁ{

framework $cheme)1*° 3 These bifunctional systems were ouse brains. More importantly, we have found that L1
shown to control metal-mediated aggregatiom vitrovia suppresses the p-tau aggregation near the amyloid plaques, as

. . . 36,28 well as limits the activation of microglia near amyloid plaques
strong interactions with Aaggregates and metal iGns’ by 30 44% vs the vehicle-treated AD mouse brains, suggesting

that L1 can truly act as a multifunctional chemical agent that

Sgbeme 1. Chemical Structures of BFCs 1 z_aﬁ‘?j&and can target several pathological aspects of AD and thus could be
4" and L1 [4-(Benzoffthiazol-2-yl)-2-((4,7-dimethyl- envisioned as a lead compound for the development of novel
1,4,7-triazonan-1-yl)methyl)-6-methoxyphenol] and 5 AD therapeutics.
8°%3 Developed by Our Group
Me RESULTS AND DISCUSSION
(\N3 R~ ) Chemical and Biochemical Properties of L1.In order
s N\\/N\Me s NN to control the A aggregation mediated by metal ions, we have
@[ ) on @ »_ng developed several BFCs that integrate beitfitéxacting and
N N metal-binding functions within a small molecular framework
OMe OMe (Scheme)1*® *° Among them, we chose L1 to be evaluated as
L1 1: R = CH,Py anin vivotherapeutic agent since Llcently inhibited the
2:R=Me aggregation of 4, and reduced the neurotoxicity of soluble
A 4, oligomers in the presence of Cu ions (see below).
3 Furthermore, L1 has nanomolanigy for A aggregates and
SN exhibits a ver%/ high aity for C#* ions (pCu = 13.3 at pH
7.4, Table ),%**°which outcompetes the Curity of the A

N N-R
s s Ng peptide (estimated to be around *fv),**** and it also
@:N%QX ©:N/ OH ]l P satises the Lipinsld criteria for central nervous system
OMe (CNS) drugs (MW < 450, clogP < 5, number of H-bond
donors (HBD) < 3, and number of H-bond acceptors (HBA)
< 7) for blood brain barrier (BBB) penetratioBcheme 1
CH.CO.H and Table ).** Overall, these data suggest that L1 exhibits
2 2 . . .
strong anity for A aggregates and Cions and displays
| favorable BBB permeability, thus being suitafteviopuse
N as a potential AD drug.

s N N s The Antioxidant Properties of L1. In addition to the A-
@/ on IN\ o \]Q interacting and metal-binding properties, L1 also exhibits
N = N antioxidant properties, likely due to the presence of the

OMe MeO guaiacyl (methoxyphenol) group that has been shown
8 previously to act as an oxidation indi¢atéhe antioxidant
activity of L1 was evaluated by the Trolox equivalent
2The metal-binding and Anteraction fragments are shown in blue antioxidant capacity (TEAC) assay, which measures the ability
and red, respectively. to scavenge the radical cation (ABJT@s compared to the
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Table 1. Physical Properties of 1°£°

MW 10g Pyt K (L1)* logK ([L1Cu]*) pCu ( log [Culed
426.6 g/mol 0.9% 0.12 170t 50 nM 32.0+ 0.1 12.8 (pH 6.6), 13.3 (pH 7.4)
Jnhibiton constantK;) obtained from competitive binding studies to lils vs ThT*
(a) (b)
| I 1 min
B 3 min
1.5{ I 6 min 30007

I 15 min

2000

1.0 —=—0puM
—e— 10 uM
—4—20 uM
v—40 uM
1000
0.5 + —+—80 pM

TEAC value at 470 nm
Fluorescence intensity (A.U.)

0.0 -

s Snan
Glutathione L1 0 20 40 60

Time (min)

Figure 1.(a) Antioxidant activity of Trolox, glutathione, and L1 at 1, 3, 6, and 15 min assessed by the TEAC assay. The TEAC values of
glutathione and L1 are normalized to the antioxidant activity of Trolox (shown by the dashed line). Conditifrs 7BB TS [compound]

=25 100 M. (b) Inhibitory activity of L1 toward Cu-mediated hydroxyl radical generation, evaluated by monitmirgdeece intensity of

CCA-OH over time. Conditions: [CCA] = 1081; [CuSQ)] =40 M; [ascorbic acid] =400M; [L1]=0 80 M; =395 nm; ¢, =450 nm.

The error bars represent the standard deviation from three independent experiments.

standard (Trolox}® Interestingly, the radical scavengingmass spectrometry to validate that the presence®of Cu
activity of L1 is >1.6 times higher than that of Trolox orretarded the A, aggregation process by stabilizing the
glutathione, a known vivoantioxidant figure &), strongly ~ soluble A,, aggregates. This mass spectrometry technique
suggesting that L1 canatently quench free radicals and thus has allowed us previously to directly monitor the time-
prevent oxidative damage. dependent A aggregation process by hydrodenterium
We have also investigated the antioxidant activity of Ldxchange, without addition angrescence dyes or additional
toward hydroxyl radicals generated by" @ns in the modi cation of the A peptides, in which cases such additives
presence of reducing agents (a Fenton-type reaction), whictcsuld potentially @ct the A aggregation procesdJsing
closely relevant to metal -induced radical generatfén. this developed HDX platform, we have investigatedeitte e
Coumarin-3-carboxylic acid (CCA), which is converted to thef L1 on the A,, aggregation process in the presence?df Cu
highly uorescent derivative 7-hydroxycoumarin-3-carboxylior an increased structural resolution of #ggregation, we
acid (CCA-OH) in the presence of hydroxyl radicals generatdthve applied pepsin digestion following the pulsed HDX
by the Cé" ions and ascorbic acid, was used as an indficatorlabeling and analyzed the three peptic peptide fragments
It was observed that the amount obrescent CCA-OH (A 1 19 A 50 35 and Asg 40 that cover the entire Ay
generated after 30 min decreased as the concentration of pdptide sequence. As shown previously, during the A
increasedHigure b), and almost no CCA-OH was formed aggregation process in the presence of &Cilonger lag
when 1 equiv of L1 was added relative to the amount’of Cuphase at the 60% protection level was observed, which was
ions, indicating that the production of the hydroxyl radicalproposed to correspond to solublg,Aligomers, followed by
was suppressed by the formation of the 1:Cl.tomplex® a gradual growth to large,Aaggregates.in contrast, A,
Taken together, these results suggest that the poteaggregation in the presence of'@nd L1 showed a shorter
antioxidant properties of L1 lead to the alleviation of metal lag phase with a lower level of protectigtd¢o) followed by
A -induced oxidative stress by scavenging free radicals and alstarper growth, suggesting that L1 limits the formation of
controlling the direct metal-mediated radical production. Sinadigomeric species during thgAaggregation processgure
L1 has A-interacting, metal-binding, and antioxidant proper2a). When the,;,, values obtained from thé&ing of the
ties, it can thus act as a multifunctional compound (MFCpulsed HDX data to a modd Finke Wetsky (FW)
with several desirable properties related to AD. modef**? all three peptic peptides of ,A showed that
Pulsed Hydrogen Deuterium Exchange (HDX) Stud- both the lag and growth phases were satly shortened in
ies of Cu-Mediated A ,, Aggregation. Metal ions are  the presence of L1 and®C(Figure B). Overall, these results
closely involved in Aoligomerization, the stabilization of A support that L1 accelerates the structural reorganization to
oligomers, and prevention of degradation ahds resulting  form large A,, aggregates with a high protection level of
in A oligomer buildup in the br&%’ﬁgFurthermore, we have  80%, and these species were found to correspond to
previously commed that C% sped up the formation of non brillar amorphous aggregates as observed by°TEM.
soluble A4, oligomers and increased their stability, which led~urthermore, the acceleration of,Atructural reorganization
to a signicant increase in their neurotoxititin particular, process is attributable to the destabilization of thé& Gu
we have used pulsed hydrogiuterium exchange (HDX) oligomers by L1, which outcompetes thg gpecies for Ct
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Figure 2.(a) Pulsed HDX results for three peptic peptide fragments from the presence of Eugreen) and Cii and L1 (blue). Peptide

fragments are A 1, A 5 35 and Agg 4. All lines arets using a moded F W model in MathCAD. (b) Comparisontg$ values obtained

from the ts to the modied F W model. (c) Cell viability of N2A cells (normalized to a 1% DMSO control) after 40 h treatmen aitt A

Cu?*in the absence or presence of L1, assessed by the Alamar Blue assay. Copdliti@ts: A [Cu?] =20 M;[L1]=2 M. The error

bars represent the standard deviation frenmdependent experiments, and the statistical analysis was evaluated according to one-way ANOVA
(*** p< 0.001).

binding. This conclusion is further supported by the previousiyetal chelatioft>° and (3) the inhibition of metal-mediated
reported native gel/Western blotting and TEM data on theA ,, oligomerization. The antioxidant assays described above
e ect of L1 on metal-mediated,Aaggregatiott. showed that L1 had powerful radical scavenging activity and
Inhibition of Metal-Induced A ,, Neurotoxicity. To e ciently repressed the Tumediated ROS generation.
con rm the inhibition activity of L1 against metal-induced A Moreover, the A, aggregation pulsed HDX kinetic data
neurotoxicity, we have performed cell viability assays usisgggested that L1 reduced the stability of soluble/Cuy,
mouse neuroblastoma Neuro-2a (N2A) cells tharteditiate oligomers and promoted the formation of nontoxic amorphous
into neurons under neural induction meétiBince L1 was A ,, aggregates. Therefore, we can conclude that the various
shown to be toxic at concentrations higher thawh G-igure properties of L1 are operating cooperatively to provide a
SJ, we used 2 M of L1, which is nontoxic to N2A cells, signicant benecial e ect against the neurotoxicity of€u
corresponding to a 1:10 L1/ACu ratio. After 40 h  stabilized soluble 4 oligomers.
incubation of N2A cells treated with,Aand Cd" in the It is also important to contrast the bexe antineurotoxic
absence or the presence of L1, the cell viability was measupedperties of L1 with the previously reported BF&sd 2
using the Alamar Blue assay. Whereas the N2A cells trea€¢heme)lwhich have the oppositeset of exacerbating the
with A 4, and Céd* showed low viability due to Tunediated neurotoxicity of A, species by promoting the formation of
stabilization of soluble A oligomers? addition of L1 in the ~ Cu?*-stabilized soluble f oligomers and also the disag-
presence of A, and CG* had a dramatic ect in restoring  gregation of A, brils>° This stark dierence in properties is
the cell viability to control levels, even at substoichiometrikely due to the derent metal-chelating fragments of these
levels Figure 2). We propose that the beoial eect of L1 compounds and their @érent metal binding aity, since all
against Cti-induced A4, neurotoxicity can be attributed to three compounds contain the samengeracting fragment,
three features of L1: (1) its antioxidant activity, (2) theyet L1 contains a triazacyclononane (TACN) macrocycle,
inhibition of Cé*-mediated ROS formation through strong while 1 and 2 contain a bis(2-pyridylmethyl)amine or (2-
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pyridylmethyl)methylamine metal-binding fragment, respecbserved regions stained with L1 wer€@0m, similar in

tively. Thus, this suggests the interaction of metal ions witlize and morphology to the amyloid plaques observed in the

di erent A4, aggregates, including solublg, Aligomers,  brain sections of age-matched 5xFAD mice stainedvith

might play an important role in Aneurotoxicityn vivoand ~ thio avin S (ThS), Congo Red, and L1 (see below).

that carefully designed compounds could have a pronounc®derall, these results reveal that L1 vividly binds amyloid

antineurotoxic activity. plaques in live AD mice without any samt nonspecat
Two-Photon Fluorescence Imaging of Amyloid binding observed in WT mice, further validating its potential

Plaques in Live AD Mice.Given that L1 successfully stained utility for in vivo modulation of A aggregation and its

and visualized amyloid plagegsvivpas evidenced by the neurotoxicity.

observed stronguorescence signal in AD mouse brain In Vivo Regulation of Amyloid Plagues in 5xFAD

sections! we have employed 5xFAD transgenic mice tdMice. To evaluate then vivotherapeutic ecacy of L1, we

assess th& vivo availability of L1 for Abinding. To have administered daily the MFC L1 to 5xFAD mice (1 mg/kg

circumvent the potential limitation of BBB permeability, L1of body weight) via intraperitoneal injection for a period of 30

was intracranially administrated to the brains of 5XxFAD or Wdlays. Since the amyloid plaques start to deposit in the deep

mice, and then a thinned-skull cranial window was installecbrtex and subiculum of 5XxFAD mice atmonths of agg,

After intravenous injection of dextriaxas Red (70 kDa) to  we chose 3-month-old 5xFAD mice that are assumed to exhibit

visualize the blood vessels, the amyloid plagues were imagedtiple forms of Ain their brains, including monomeric A

by two-photon microscopyiQures 3and SJ. While a soluble A oligomers, intraneuronal Aaggregates, and

amyloid plaque$.As a control group, other 5xFAD mice

(a) were treated with the vehicle (1% DMSO in PBS). After 30

days, the brains were harvested, anch3Bick brain sections
- were obtained. The brain sections were immunostained with

the AF594-conjugated HJ3.4 (AF594-HJ3.4) antibody, which

binds to a wide range of amyloid aggretfdasitingly, while

the vehicle-treated brain sections showed onlydrescence

5xFAD

can pass through the BBB and accumulate within the amyloid
deposits to a detectable amount, furthergong that L1 can
or WT (b) mice after intracranial injection of L1. Therescence With_ ThS and Congo Red were carried OUt_er the brain
intensity from L1 was monitored at 4885 nm under two-photon  S€ctions of the treated 5xFAD mice. These staining results can
are shown magrid in the right panels (scale bar 69. sections were costained with ThS and the AF594-HJ3.4
antibody, and as expected ThS stained the amyloid plaques in

signal corresponding to the immunostained amyloid plaques
(Figure SR the 5xFAD brain sections from the treated mice
exhibited an intrinsiauorescence intensity corresponding to
L1 that accumulated in the brain during the treatment, and
appreciable colocalization between L1 and the amyloid plaques
immunostained with AF594-HJ3.4 was obseFigdré 3.
bind to native amyloid aggregates of various types, similar to an
amyloid antibody.
excitation at 770 nm. Dextrafexas Red (70 kDa) was intravenously Provide quantitative information on the amyloid deposits in
injected for blood vessel imaging prior to two-photon microscopyarain section$>® and can show a similar trend inlévels as
negligible uorescence intensity was observed for L1 in théhe 5XxFAD mice brain sections in a sigimitly colocalized
WT mouse brain, a sigoaint uorescence intensity was pattern to that observed for AF594-HJ3.4 (P€arson

(b) These staining studies thus strongly suggest that when
Eh -
For the quantitative analysis of the amyloid plaques,
and its uorescence was monitored at B3% nm under excitation ~ that obtained from analysis of brain homogetide®r to
clearly visible in the 5XFAD mouse brains, which was assigmedrelation coecients of 0.59 and 0.52, respectivedyre

intraperitoneally administered into the 5xFAD mouse, L1
Figure 3.In vivotwo-photon uorescence brain images of 5XFAD (a) immunostaining with the AF594-HJ3.4 antibody and staining
at 543 nm. The regions within the white rectangles in the left panedgiantitative analysis, both the L1- and the vehicle-treated brain
to the binding of L1 to the parenchymal amyloid plagues. Th84. We have quant&d the amyloid plaques in the brain

Bright field AF594-HJ3.4 L1 Merged

Figure 4 Fluorescence microscopy images of brain sections from 5xFAD mice treated with L1 for 30 days. The brain sections were immunostain
with the AF594-HJ3.4 antibody. Therescence signals from AF594-HJ3.4 antibody and L1 were monitore8bét id0and 435485 nm

under excitation at 34880 nm and 54680 nm, respectively (AF594-HJ3.4 antibody, red; L1, blue; scale Ima). T0@in vivoL1 was

appreciably colocalized with the amyloid plaques immunostained with AF594-HJ3'4 ¢Bealation coecient 0.41).
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Figure 5.(a) Representativeiorescence microscopy images of the AF594-HJ3.4 antibody-stained brain sections from 5xFAD mice treated with
L1 or vehicle. Theuorescence of AF594 was monitored with a standard TRiiT€et. Scale bar: 1 mm. (b) Total number aedescence
intensity of amyloid plaques in the AF594-HJ3.4 immunostained brain sections from 5xFAD mouse treated with L1 or vehicle. When compared
vehicle-treated mice, the amyloid burden in the L1-treated mice was reduced by 49% and 43% based on the number of amyloid plaques «
uorescence intensity, respectively. iblescence intensity and number of amyloid plagues were obtained as the sum obtained from seven brain
sections per mouse. Error bars represent the standard devt®mice), and the statistical analysis was evaluated according to one-way
ANOVA (*p < 0.05). (c) PBS-soluble (left) and guanidine-soluble (right)edels from brain tissues, quaatiusing ELISA. Compared to
vehicle-treated mice brains, total amount of thespecies in the L1-treated mice brains were reduced by 38% and 50% in PBS- and guanidine-
soluble brain homogenates, respectively. Error bars represent standarchde8iatioa)( and the statistical analysis was evaluated according to
one-way ANOVA*t p < 0.01).

sections by analyzing theorescence intensity of the stained S71). To support the quantiation of amyloid plaques based
plaques of 10 brain sections per mouse that were sliced frgm the uorescence intensity analysis of the stained brain
uniformly distributed locations between the frontal lobe angections, the total amounts of Aand A 4o species found in

the occipital lobe, thus covering evenly the entire mouse brayipjuble (i.e., PBS-soluble) and insoluble (i.e., guanidine-
The brain section images with threemint staining methods soluble) brain lysates were quadtiby the enzyme-linked
(AF594-HJ3.4 antibody, ThS, and Congo Red, reSpeCtive%munosorbent assay (ELISA). Importantly, a signi
consistently displayed that the number and ubeescence reduction in the amount of soluble and insolul:’zlgs@ecies

:ﬂtfhnesg):a?:] str;?o;rng’fl‘-)tl?e%ligz ;V)?Frigl ?nr:g)é d;rsnggf:g acljred as found in the L1-treated brain lysate vs the vehicle-treated

those from the vehicle-treated 5xFAD nficges &b and ~ control group (a 38% and 50% reduction for soluble and
S5 S7. Since the uorescence intensity of the staining iNSoluble A, species, respectivefygure 8) and a 49%
reagent is proportional to the concentration of amyloideduction for the insoluble 4 species Rigure SB This
plaques, it was determined that the amount glaues in reduction of thén vivoamount of various Aspecies is well

the L1-treated mice were sharply reduced4®% when  correlated with the imaging analysis of brain sections stained
compared to those of control groupg(res b, S6b, and  with ThS, Congo Red, and the AF594-HJ3.4 antibody.
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Figure 6.(a) Representativauorescence microscopy images of the AF594-lbal and AF594-AT8 immunostained brain sections (cortex and

hippocampus areas) from 5xFAD mice treated with L1 or vehialerddtence images are the maximum intensity projection images obtained

from 30 Z-sections collected ani intervals. Color: red, AF594-lbal or AF594-AT8 antibody; blue, ThS. Scalmbéy)3Quanti cation of

the uorescence intensity of AF594-Ibal immunostained brain sections from 5xFAD mice, showing that the extent of microglia activation in th

L1-treated mice was reduced by 43% versus that in the vehicle-treated miceeSdemce intensity was the sum obtained from eight
uorescence images randomly chosen in four brain sections per mouse. Error bars represent standard Slevie¢ipren(l the statistical

analysis was evaluated according to one-way ANOQYA@.01). (c) Quantication of the number andorescence intensity of AF594-AT8

immunostained brain sections from 5xFAD mice, showing that the p-tau aggregates in the L1-treated mice were reduced by 44% and 30% base

the uorescence intensity and number of p-tau aggregates, respectiveliestemce intensity and number of p-tau aggregates were obtained as

the sum obtained from eighlibrescence images randomly chosen in four brain sections per mouse. Error bars represent standarddeviations (

mice), and the statistical analysis was evaluated according to one-way* AN@MIS f** p < 0.001).

Attenuation of A -Induced Neuroin ammation and S9, and the quanteation of the uorescence intensity of the
p-tau Aggregation in 5xFAD Mice. Since L1 has important immunostained-Ibal antibody revealed a cagrireduction
antioxidant properties and also modulates the neurotoxicity of 43% of microglia activation in the L1-treated mouse brains
A aggregates, we have also investigatedeitteoé L1 on versus the control groupigure 6). These results nicely
other important pathological aspects of AD, such as thmmplement the observation that L1 alleviates the neuro-
activation of microglia as a neuraimmatory response and toxicity of A aggregates and suppresses metal-mediated ROS
the aggregation of the phosphorylated tau (p-tau) proteimgeneration and oxidative stress, which in turn leads to the
First, a uorescently labeled antibody for the microglia-speci attenuation of neuroiammation mediated by activated
Ibalprotein was employed to visualize the activated microgliaicroglia near the amyloid plaques. While the 5xFAD mouse
which play a critical role in the neurammatory response model does not exhibit a pronounced tau pathology, a
during AD progressi6fi®* Excitingly, microglia activation was considerable amount of extracellular p-tau aggregates was still
appreciably suppressed near the amyloid plaques observedhiserved in the cortex and hippocampus regions of the 5xFAD
the brain sections from the L1-treated 5xFAD mice, comparégnsgenic mic¢é. Therefore, we have also employed a
to those from the vehicle-treated 5xFAD nhicgifes & and uorescently labeled antibody, AT8, to immunostain and
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qguantify the amount of p-tau aggregates surrounding the METHODS

amylo_ld plagues. Importantly, t_he amount of amyloid plaqu%_he general experimental methodspéptide preparation, Trolox
associated p-tau aggregates in the Ll-treated mouse braif\fvalent antioxidant capacity (TEAC) assays, coumarin-3-carboxylic
versus the vehicle-treated controls were dramatically redueggh (CCA) assays, pulsed hydrogenterium exchange (HDX)

by 44% and 30% based on tlwerescence intensity and studies, and HDX data analysis, cell viability, and multiphaton
number of p-tau aggregates, respectively, both in the coriemaging studies are described inSthygporting Information

and in the hippocampus areas of the br&ini(es &,6c, and Treatment of Mice with L1. All animal studies have been
S10. This appreciable result is in contrast to the recen@Pproved by the Washington University Animal Studies Committee,
amyloid-targeting antibody immunotherapies shoeictiye and the handling of mice was performed in accordance with

: . . institutional regulations. Three-month old 5xFAD mice were divided
reduction of A deposition but no ect on p-tau aggregation > . .
in vivo-3%3 65 \While the role of Aspecies in the initial p-tau into two groups. The two groups of 3 mice each were treated daily

. . ) . . ; with a freshly prepared solution of L1 (1 mg/kg of body weight in 200
aggregation, their formation into intracellular nexiltary L of PBS, pH 7.4, 1% DMSO) or vehicle (20@f PBS, pH 7.4,

tangles, and their neurotoxicity is still untiebese results 10 DMSO) via intraperitoneal injection. After 30 days, all mice were

suggest that L1 decreases the amount of p-tau aggregates irs#leeiced under deep anesthesia for perfusion and brain harvesting.

extracellular space surrounding the amyloid plaques. Mouse Brain Section Preparation.All mice treated with L1 and
Overall, these results are quite exciting, since they show tMelticle were anesthetized with ketamine/xylazinel/(§ via

L1 can be taken up in the brain of 5xFAD mice and is ndhtraperitoneal injection and perfused with PBS containing 0.3%

degraded rapidly (as comed by the detection of its heparin. After being harvestérains were divided into two

ugrehsceff%.”zj. the. bra'?} Secncl)n% Or the L}—trg_ated mICE; ht hemisphere wased in 4% paraformaldehyde in PBS (pH 7.4)
and that Inds vivaio the amyloid plaques, leading 1o an 4y 4 oc gyeright and preserved in 30% sucrose (wiv) in PBS (pH

appreciable reduction of the amyloid plaques upon treatmeply) at 4°C for 3 days. The serial brains were coronally sectioned
of the 5XFAD mice with L1. Moreover, L1 mitigates thethickness 50m) on a freezing sliding microtome. The brain sections
activated microglia-mediated neussinmatory response and were kept in a cryoprotectant solution of 30% ethylene glycol (v/v)
also reduces the amount of extracellular p-tau aggregased 15% sucrose (w/v) in 0.1 M phosphateb(pH 7.4) at 20
surrounding the amyloid plaques, which is quite uncommoi§. The left hemisphere was frozen with dry ice and kef@ &€.
among the many amyloid-targeting agents that have beerMo_use Bralr_l Section St_alnlng.Braln sections were permeabi-
employed in recent clinical trials. Therefore, by virtue of thi#€d in PBS with 0.25% Triton-X100 for 30 min at room temperature
multifunctional properties of L1 described above, we conclu d washed with PBSX min). To guantify the Aaggregates, the

- ain sections were treated with ThS solution (0.005% in PBS) or
that the MFC L1 reduced considerably the development SQlith Congo Red solution (34, in PBS) for 30 min. After sequential

several pathological hallmarks of AD and thus could exhiRihshes with PBS %15 min), 50% EtOH/PBS (% 5 min), and PBS
therapeutic ecacy for delaying the progression of this(3 x 5 min), the brain sections were mounted with mounting media.

mispheres for immunohistochemistry anduanti cation. The

disorder. For immunostaining, the brain sections were treated with blocking
solution (0.1% Triton-X100, 0.2% dry milk, and 1% BSA in PBS) at
CONCLUSIONS room temperature for 1 h and then incubated with AF594-conjugated

anti-A antibody (AF594-HJ3.4 antibody) solution (1:1000 dilution
Herein we report that the MFC L1, which incorporates A in blocking solution) at room temperature for°i After staining,
interacting and metal-binding groups into a small molecutbe brain sections were washed with PBS5(8nin) and mounted
framework, exhibits vivoproperties that suggest a potential With mounting media. For double staining with ThS and an antibody,
therapeutic ecacy against AD. Due to the highisy of L1 Fhe bra_m sections were stained with ThsS, foIIOV\_/e_d by the same
for both A species and Cu ions, L1 outcompetesplcies incubation and washing steps used for ThS staining alone. After

S . - incubation with the blocking solution, the brain sections were treated
fg& t!?ﬁk;ri]l?zggcirz;lounbsl :”igﬂ;i;ﬁ’:sp“;ﬁm;rr‘gr;‘g{‘e"z“?ﬁeo‘cwith antibody solution (AF594-HJ3.4, AF594-Ibal, or AF594-AT8)

' ) . diluted in the blocking solution (1:1000) at room temperature for 1 h
formation nontoxic, amorphous aggregates. In addition, lghd mounted with mounting media. For AF594-Ibal staining, antigen
exhibits appreciable antioxidant properties, including radigatrieval was performed by pretreating the brain sections with citrate
scavenging activity and suppression of metal-mediated radizakr (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 30 min
generation, and contributes to the recovery of neuroblastoraa80°C. Fluorescence images were visualized using either a Nikon
N2A cells from Cirinduced A neurotoxicity. Along with its ~ Eclipse 80i, EVOS FL Auto 2, or Hamamatsu NanoZoomer
favorable BBB permeability, L1 showeieat A -binding in uorescence microscope. The maximum intensity projection images
the 5XxFAD mouse brains, which alloweid favomodulation of the AF594-Ibal- and AF594-AT8-stained brain sections were

. . . . obtained from 30 Z-sections collected ah Intervals. The number
of A aggr_egatlon and_ protection agaln_st metal-lnduc_:ed Ahnd uorescence intensity of amyloid plaques, microglia cells, and
neurotoxicity. Interestingly, the quamaiion of amyloid  54q1egated p-tau in each brain section were quantitatively analyzed by

plaques in brain sections based on qu=tion of the ImageJ program under the same minimum and maximum values
immunostaining and ELISA analysis revealed up to 5086 uorescence intensity. Colocalization analysis and determination of
reduction of amyloid plaques in the L1-treated 5XFAD micthe Pearsds correlation coesient was performed with the imaging
versus the vehicle-treated mice. Importantly, L1 also alleviatsdtware Fiji (ImageJ 1.52p).

the neuroinammatory response vivo by reducing the Enzyme-Linked Immunosorbent Assay (ELISA)The frozen

activation of microglia and also reduces the amount &rain tissue (left hemisphere) was weighed and homogenized in cold
~ ; ; PRS (100 mg/mL, 10% wi/v) with a protease inhibitor cocktail (1:100
extracellular p-tau aggregates surrounding the amyloid plaqul ution, ThermoFisher Scieg). After centrifugation at 1608Q

thus holding potentlal fqr delaying the progression Of.A r 20 min at 4C, the supernatant containing the solublep&cies
These properties are quite uncommon among the previougf¥s separated. The pellet was resuspended in 5 M guanidine HCI/50
reported amyloid-targeting chemical agents, and in the n&af Tris-HCI (pH 8, 100 mg/mL, 10% w/v) and incubated at room
future we plan to evaluate the ability of L1 to have adimne temperature for 4 h. After centrifugation at 180f@r 20 min at 4

e ect on the learning and memory performance of AD mice’C, the supernatant containing insolublespecies was separated.
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