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Alzheimer’s disease (AD) is the most common neurodegenerative degenerative disease, and its main
hallmark is the deposition of amyloid beta (Aβ) peptides. However, several clinical trials focusing on
Aβ-targeting agents have failed recently, and thus new therapeutic leads are focusing on alternate targets
such as tau protein pathology, Aβ-metal induced oxidative stress, and neuroinflammation. To address these
different pathological aspects of AD, we have employed a multifunctional compound (MFC) L1 that integrates
Aβ-interacting and metal-binding functional groups in a single molecular framework. By perturbing the
interactions between the Aβ species and metal ions during the Aβ aggregation process, L1 alleviates the
formation of neurotoxic Aβ oligomers and promotes the formation of nontoxic, amorphous Aβ aggregates.
Furthermore, the significant antioxidant activity and strong metal chelating ability of L1 are operating
cooperatively to rescue neuroblastoma N2A cells from Cu2+-induced Aβ neurotoxicity. Along with in vivo
Aβ-binding and favorable BBB permeability properties, the treatment of transgenic 5xFAD mice with L1
significantly reduces the amount of both amyloid plaques and associated phosphorylated tau (p-tau)
aggregates in the brain by 40–50% versus the vehicle-treated 5xFAD mice. Besides, L1 mitigates the
neuroinflammatory response of the activated microglia during the Aβ-induced inflammation process. Overall,
these results suggest that L1 not only efficiently attenuates the formation of amyloid plaques and p-tau
aggregates in vivo, but also reduces the microgliamediated neuroinflammatory response, which is 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.
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Abstract
Alzheimer’s disease (AD) is the most common neurodegenerative degenerative disease, and its
main hallmark is the deposition of amyloid beta (Aβ) peptides. However, several clinical trials
focusing on Aβ-targeting agents have failed recently, and thus new therapeutic leads are focusing
on alternate targets such as tau protein pathology, Aβ-metal induced oxidative stress, and
neuroinflammation. To address these different pathological aspects of AD, we have employed a
multifunctional compound (MFC) L1 that integrates Aβ-interacting and metal-binding functional
groups in a single molecular framework. By perturbing the interactions between the Aβ species
and metal ions during the Aβ aggregation process, L1 alleviates the formation of neurotoxic Aβ
oligomers and promotes the formation of nontoxic, amorphous Aβ aggregates. Furthermore, the
significant antioxidant activity and strong metal chelating ability of L1 are operating cooperatively
to rescue neuroblastoma N2A cells from Cu2+-induced Aβ neurotoxicity. Along with in vivo Aβbinding and favorable BBB permeability properties, the treatment of transgenic 5xFAD mice with
L1 significantly reduces the amount of both amyloid plaques and associated phosphorylated tau
(p-tau) aggregates in the brain by 40–50% versus the vehicle-treated 5xFAD mice. Besides, L1
mitigates the neuroinflammatory response of the activated microglia during the Aβ-induced
inflammation process. Overall, these results suggest that L1 not only efficiently attenuates the
formation of amyloid plaques and p-tau aggregates in vivo, but also reduces the microgliamediated neuroinflammatory response, which is 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.
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Introduction
Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder that gradually destroys
memory and thinking skills, thereby devastating the quality of life for patients and their families,
and is a huge burden not only on patients but especially on caregivers. 1,2 The main
neuropathological hallmark of the brains of AD patients is the deposition of amyloid plaques
comprising mainly of the amyloid beta (Aβ) peptide, and in light of the amyloid cascade hypothesis
the reduction of amyloid deposition in the brain has been the main target for the development of
AD therapeutics.3 More recently, soluble Aβ oligomers were found to be the most neurotoxic
species that are directly implicated in synapse loss and neuronal injury4,5 as the soluble Aβ
oligomers can perturb the signal transduction via the interaction with lipid membranes or
membrane-bound receptors and leading to a loss of function and cell death. 6,7
However, currently there are only five FDA-approved drugs for the symptomatic relief related
to AD, and only a few of the ongoing clinical trials targeting the various Aβ aggregates have shown
significant results towards the approval of new AD drugs. 8-10 In addition, several clinical trials
focusing on Aβ-targeting drugs have failed recently,11, 12 and thus the amyloid cascade hypothesis
is being reconsidered and new therapeutic leads are focusing on alternate targets such as tau protein
pathology or neuroinflammation.13-15 It has been recently proposed that therapeutic agents
targeting the tau pathology and neuroinflammation could be more effective than Aβ-targeting
agents, since tau hyperphosphorylation and phosphorylated tau (p-tau) aggregation is more closely
correlated to the cognitive and clinical symptoms of AD than the amyloid plaque formation, 13-15
although the amyloid plaques have been shown to facilitate the initial p-tau aggregation
surrounding the amyloid plaques and the spread and formation of intracellular neurofibrillary
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tangles (NFT).16, 17 Therefore, it is important to develop chemical agents that can control both
amyloid plaque formation and the associated p-tau aggregation as more efficient AD therapeutics.
Another pathological aspect of AD is that transition metal ions (Cu, Zn, and Fe) are found in
abnormally high concentration within the amyloid plaques deposits, and these metal ions were also
shown to stabilize neurotoxic Aβ oligomers,18-20 while Aβ–Cu and Aβ–Fe species can catalyze the
formation of reactive oxygen species (ROS) and lead to oxidative stress and neuroinflammation. 2124

Due to the unwanted interactions of the metal ions with the Aβ peptides, bifunctional chelators

(BFCs) such as clioquinol (CQ) and 8-hydroxyquinoline analog (PBT2) containing both Aβinteracting and metal-binding sites have been developed to address the disruption of metal
homeostasis.25, 26 The abnormally-accumulated metal ions could be scavenged from Aβ deposits
by these metal chelators, resulting in restoration of cognitive function in an AD mouse model.27-29
These BFCs strongly modulate the interaction of metal ions with the Aβ peptides via the formation
of a ternary complex (Aβ−BFC−metal) that reduces the toxicity of metal-induced Aβ or ROS
production.26, 28-33 In spite of these promising in vitro results, however, there are very few examples
of BFCs that have shown to control the Aβ aggregation process in vivo in transgenic AD mice.3133

We have also designed and developed BFCs that integrate Aβ-interacting and metal-binding
groups in a single molecular framework (Scheme 1).34-37 These bifunctional systems were shown
to control metal-mediated Aβ aggregation in vitro via strong interactions with Aβ aggregates and
metal ions.34-36 Furthermore, the high affinity of the BFCs toward metal ions as well as Aβ species
allowed the use of the

64

Cu complexes of these BFCs as positron emission tomography (PET)

imaging agents for the detection of Aβ aggregates in vivo.37 Herein we report the in vivo therapeutic
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efficacy of a multifunctional compound (MFC) L1 that contains a 2-phenylbenzothiazole fragment
for Aβ binding, a triazacyclononane (TACN) macrocycle as a high-affinity metal chelator, and a
vanillin moiety with antioxidant and anti-amyloidogenic properties. 38-41 While the coordination
chemistry and the in vitro affinity for Aβ aggregates of L1 have been reported recently,34-37 herein
we are reporting totally new results for L1, focusing on its ability to attenuate several pathological
hallmarks of AD in transgenic 5xFAD mice. The effect of L1 on metal-mediated Aβ toxicity was
evaluated via in vitro cytotoxicity, antioxidant activity, and Aβ aggregation kinetic assays, and the
blood-brain barrier (BBB) permeability of L1 and its ability to bind Aβ aggregates in vivo was
confirmed through fluorescence microscopy and two-photon microscopy. We have also
demonstrated that upon treatment of transgenic 5xFAD mice with L1 for 30 days, the level of
amyloid plaques in the treated AD mouse brains was shown to decrease by up to 50% vs. the
vehicle-treated AD mouse brains. More importantly, we have found that L1 suppresses the p-tau
aggregation near the amyloid plaques, as well as limits the activation of microglia near amyloid
plaques by 30–44% vs. the vehicle-treated AD mouse brains, suggesting that L1 can truly act as a
multifunctional chemical agent that can target several pathological aspects of AD, and thus could
be envisioned as a lead compound for the development of novel AD therapeutics.
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Scheme 1. Chemical structures of BFCs 1 and 2,34 3 and 4,35 and L1 and 5-836, 37 developed by our group.
The metal-binding and Aβ-interaction fragments are shown in blue and red, respectively.

Results and discussion
Chemical and biochemical properties of L1
In order to control the Aβ aggregation mediated by metal ions, we have developed several BFCs
that integrate both Aβ–interacting and metal-binding functions within a small molecular
framework (Scheme 1).34-37 Among them, we chose L1 to be evaluated as an in vivo therapeutic
agent since L1 efficiently inhibited the aggregation of Aβ 42 and reduced the neurotoxicity of
soluble Aβ42 oligomers in the presence of Cu ions (see below). Furthermore, L1 has nanomolar
affinity for Aβ aggregates and very high affinity for Cu 2+ ions that outcompetes the Cu affinity of
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the Aβ peptide,36, 37 and it also satisfies the Lipinski’s criteria of central nervous system (CNS)
drugs (MW < 450, clogP < 5, number of H-bond donor (HBD) < 3, and number of H-bond acceptor
(HBA) < 7) for blood-brain barrier (BBB) penetration (Scheme 1 and Table 1). 43 Overall, these
data suggest that L1 exhibits strong affinity for Aβ aggregates and Cu 2+ ions and displays favorable
BBB permeability, thus being suitable for in vivo use as a potential AD drug.

Table 1. Physical properties of L1.36, 37
MW

log Poct

Ki (L1)a

426.6 g/mol 0.97 ± 0.12 170 ± 50 nM
a

Log K
([L1Cu]+)
32.0 ± 0.1

pCu (−log [Cu]free)
12.8 (pH 6.6)
13.3 (pH 7.4)

Inhibiton constant (Ki) obtained from competitive binding studies to Aβ fibrils vs ThT.40

The antioxidant properties of L1
In addition to the Aβ-interacting and metal-binding properties, L1 also exhibits antioxidant
properties, like due to the presence of the guaiacyl (methoxyphenol) group that has been shown
previously to act as an oxidation indicator.44 The antioxidant activity of L1 was evaluated by the
Trolox equivalent antioxidant capacity (TEAC) assay that measures the ability to scavenge the
radical cation (ABTS•+), as compared to the standard (Trolox).45 Interestingly, the radical
scavenging activity of L1 is >1.6 times greater than that of Trolox or glutathione – a known in vivo
anti-oxidant (Figure 1a), strongly suggesting that L1 can efficiently quench free radicals and thus
prevent oxidative damage.
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We have also investigated the antioxidant activity of L1 toward hydroxyl radicals generated by
Cu2+ ions in the presence of reducing agents (a Fenton-type reaction), which is closely relevant to
metal–Aβ-induced radical generation.46 Coumarin-3-carboxylic acid (CCA) was used as an
indicator that is converted to the highly fluorescent derivative 7-hydroxycoumarin-3-carboxylic
acid (CCA-OH) in the presence of hydroxyl radicals generated by the Cu 2+ ions and ascorbic
acid.47 It was observed that the amount of fluorescent CCA-OH generated after 30 min decreased
as the concentration of L1 increased (Figure 1b) and almost no CCA-OH was formed when 1 equiv.
of L1 was added relative to the amount of Cu2+ ions, indicating that the production of the hydroxyl
radicals was suppressed by the formation of the 1:1 L1–Cu complex. 36 Taken together, these
results suggest that the potent antioxidant properties of L1 lead to the alleviation of metal–Aβinduced oxidative stress by scavenging free radicals and also controlling the direct metal-mediated
radical production. Since L1 has Aβ-interacting, metal-binding, and antioxidant properties, it can
thus act as a multifunctional compound (MFC) with several desirable properties related to AD.

TEAC value at 470 nm
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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). (b) Inhibitory activity of L1 toward Cu-mediated hydroxyl radical generation,
evaluated by monitoring the fluorescence intensity of CCA-OH over time. Conditions: [CCA] = 100 µM;
[CuSO4] = 40 µM; [ascorbic acid] = 400 µM; [L1] = 40 µM; ex = 395 nm; em = 450 nm. The error bars
represent the standard deviation from three independent experiments.

Pulsed hydrogen–deuterium exchange (HDX) studies of Cu-mediated Aβ 42 aggregation
Metal ions are closely involved in Aβ oligomerization, the stabilization of Aβ oligomers, and
prevention of degradation of Aβ, thus resulting in Aβ oligomer buildup in the brain. 20 Furthermore,
we have previously confirmed that Cu2+ sped up the formation of soluble Aβ42 oligomers and
increased their stability, which led to a significant increase in their neurotoxicity. 48 In particular,
we have used pulsed hydrogen–deuterium exchange (HDX) mass spectrometry to validate that the
presence of Cu2+ retarded the Aβ42 aggregation process by stabilizing the soluble Aβ42
aggregates.49 Using this developed HDX platform, we have investigated the effect of L1 on the
Aβ42 aggregation process in the presence of Cu2+. For an increased structural resolution of Aβ42
aggregation, we have applied pepsin digestion following the pulsed HDX labeling and analyzed
the three peptic peptide fragments (Aβ 1–19, Aβ 20–35, and Aβ 36–42) that cover the entire Aβ42
peptide sequence. As shown previously, during the Aβ42 aggregation process in the presence of
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Cu2+ a longer lag phase at the ~60% protection level was observed – which was proposed to
correspond to soluble Aβ42 oligomers, followed by a gradual growth to large Aβ42 aggregates.49 In
contrast, Aβ42 aggregation in the presence of Cu2+ and L1 showed a shorter lag phase with a lower
level of protection (~40%) followed by a sharper growth, suggesting that L1 limits the formation
of oligomeric species during the Aβ42 aggregation process (Figure 2a). When the t1/2 values
obtained from the fitting of the pulsed HDX data to a modified Finke-Wetsky model, 49, 50 all three
peptic peptides of Aβ42 showed that both the lag and growth phases were significantly shortened
in the presence of L1 and Cu2+ (Figure 2b). Overall, these results support that L1 accelerates the
structural reorganization to form large Aβ42 aggregates with a high protection level of ~80%, and
these species were found to correspond to nonfibrillar amorphous aggregates as observed by
TEM.36 Furthermore, the acceleration of Aβ42 structural reorganization process is attributable to
the destabilization of the Cu-Aβ42 oligomers by L1 that outcompetes the Aβ42 species for Cu2+
binding. This conclusion is further supported by the previously reported native gel/Western
blotting and TEM data on the effect of L1 on metal-mediated Aβ 42 aggregation.36
(a)
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Figure 2. (a) Pulsed HDX results for three peptic peptide fragments from Aβ42 in the presence of Cu2+
(green) and Cu2+ & L1 (blue). Peptide fragments are Aβ 1–19, Aβ 20–35, and Aβ 36–42. All lines are fits
using a modified F-W model in MathCAD. (b) Comparison of t1/2 values obtained from the fits to the
modified F-W model. The error bars represent the standard deviation from three independent experiments,
and the statistical analysis was evaluated according to one-way ANOVA (***p < 0.001).
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Inhibition of metal-induced Aβ42 neurotoxicity
To confirm the inhibition activity of L1 against metal-induced Aβ neurotoxicity, we have
performed cell viability assays using mouse neuroblastoma Neuro-2a (N2A) cells that differentiate
into neurons under neural induction media.51 After 40 h incubation of N2A cells treated with Aβ 42
and Cu2+ in the absence or the presence of L1, the cell viability was measured using the Alamar
Blue assay. Whereas the N2A cells treated with Aβ42 and Cu2+ showed low viability due to Cu2+mediated stabilization of soluble Aβ42 oligomers,48 addition of L1 in the presence of Aβ42 and Cu2+
had a dramatic effect in restoring the cell viability to control levels (Figure 3). We propose that
beneficial effect of L1 against Cu2+-induced Aβ42 neurotoxicity can be attributed to three features
of L1: 1) its antioxidant activity, 2) the inhibition of Cu2+-mediated ROS formation through metal
chelation, and 3) the inhibition of metal-mediated Aβ42 oligomerization. The antioxidant assays
described above showed that L1 had powerful radical scavenging activity and efficiently repressed
the Cu2+-mediated ROS generation. Moreover, the Aβ42 aggregation pulsed HDX kinetic data
suggested that L1 reduced the stability of soluble Cu2+-Aβ42 oligomers and promoted the formation
of non-toxic amorphous Aβ42 aggregates. Therefore, we can conclude that the various properties
of L1 are operating cooperatively to provide a significant beneficial effect against the neurotoxicity
of Cu2+-stabilized soluble Aβ42 oligomers.
It is also important to contrast the beneficial anti-neurotoxic properties of L1 vs. the previously
reported BFCs 1 and 2 (Scheme 1), which have the opposite effect of exacerbating the
neurotoxicity of Aβ42 species by promoting the formation of Cu2+-stabilized soluble Aβ42
oligomers and also the dissagregation of Aβ42 fibrils.34 This stark differences in properties is likely
due to the different metal-chelating fragments of these compounds and their different metal
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binding affinity, since all three compounds contain the same Aβ-interacting fragment, yet L1
contains a triazacyclononane (TACN) macrocycle, while 1 and 2 contain a bis(2pyridylmethyl)amine or (2-pyridylmethyl)methylamine metal-binding fragment, respectively.
Thus, this suggests the interaction of metal ions with different Aβ 42 aggregates, including soluble
Aβ42 oligomers, might play an important role in Aβ42 neurotoxicity in vivo, and that carefully
designed compounds could have a pronounced anti-neurotoxic activity.

***
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Figure 3. Cell viability of N2A cells after 40 h treatment with Aβ42 and Cu2+ in the absence or presence of
L1, assessed by the Alamar Blue assay. Conditions: [Aβ42] = 20 μM; [Cu2+] = 20 μM; [L1] = 2 μM. The
error bars represent the standard deviation from five independent experiments, and the statistical analysis
was evaluated according to one-way ANOVA (***p < 0.001).

Two-photon fluorescence imaging of amyloid plaques in live AD mice
Given that L1 successfully stained and visualized amyloid plaques ex vivo, as evidenced by the
observed strong fluorescence signal in AD mouse brain sections, 37 we have employed 5xFAD
transgenic mice to assess the in vivo availability of L1 for Aβ binding. To circumvent the potential
limitation of BBB permeability, L1 was intracranially administrated to the brains of 5xFAD or WT
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mice, and then a thinned-skull cranial window was installed. After intravenous injection of
dextran–Texas Red (70 kDa) to visualize the blood vessels, the amyloid plaques were imaged by
two-photon microscopy (Figures 4 and S1). While a negligible fluorescence intensity was observed
for L1 in the WT mouse brain, a significant fluorescence intensity was clearly visible in the 5xFAD
mouse brains, which was assigned to the binding of L1 to the parenchymal amyloid plaques. The
observed regions stained with L1 were 10–20 µm, similar in size and morphology to the amyloid
plaques observed in the brain sections of age-matched 5xFAD mice stained ex vivo with thioflavin
S (ThS), Congo Red, and L1 (see below).52, 53 Overall, these results reveal that L1 vividly binds
amyloid plaques in the live AD mice, further validating its potential utility for in vivo modulation
of Aβ aggregation and its neurotoxicity.
(a)

(b)

Figure 4. In vivo two-photon fluorescence brain images of 5xFAD (a) or WT (b) mice after intracranial
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injection of L1. The fluorescence intensity from L1 was monitored at 435–485 nm under two-photon
excitation at 770 nm. Dextran–Texas Red (70 kDa) was intravenously injected for blood vessel imaging
prior to two-photon microscopy, and its fluorescence was monitored at 565–615 nm under excitation at 543
nm. The regions within the white rectangles in the left panels are shown magnified in the right panels (scale
bar: 50 µm).

In vivo regulation of amyloid plaques in 5xFAD mice
To evaluate the in vivo therapeutic efficacy of L1, we have administered daily the MFC L1 to
5xFAD mice (1 mg/kg of body weight) via intraperitoneal injection for a period of 30 days. Since
the amyloid plaques start to deposit in the deep cortex and subiculum of 5xFAD mice at ~2 months
of age,53 we chose 3-month-old 5xFAD mice that are assumed to be exhibit multiple forms of Aβ
in their brains, including monomeric Aβ, soluble Aβ oligomers, intraneuronal Aβ aggregates, and
amyloid plaques.54 As a control group, other 5xFAD mice were treated with the vehicle (1%
DMSO in PBS). After 30 days, the brains were harvested and 50 mm thick brain sections were
obtained. The brain sections were immunostained with the AF594-conjugated HJ3.4 (AF594HJ3.4) antibody, which binds to a wide range of amyloid aggregates. 55 Excitingly, the 5xFAD
brain sections from the treated mice exhibited an intrinsic fluorescence 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 observed based on the calculated
Pearson’s correlation of 0.41 (Figure 5). These staining studies thus strongly suggest that when
intraperitoneally administered into the 5xFAD mouse, L1 can pass through the BBB and
accumulate within the amyloid deposits to a detectable amount, and it further confirms that L1 can
bind to native amyloid aggregates of various types, similar to an amyloid antibody.
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Figure 5. Fluorescence microscopy images of brain sections from 5xFAD mice treated with L1 for 30 days.
The brain sections were immunostained with the AF594-HJ3.4 antibody. The fluorescence signals from
AF594-HJ3.4 antibody and L1 were monitored at 600–660 nm and 435–485 nm under excitation at 340–
380 nm and 540–580 nm, respectively (AF594-HJ3.4 antibody, red; L1, blue; scale bar: 100 µm). The in
vivo L1 was appreciably colocalized with the amyloid plaques immunostained with AF594-HJ3.4
(Pearson’s correlation coefficient, 0.41).

For the quantitative analysis of the amyloid plaques, immunostaining with the AF594-HJ3.4
antibody and staining with ThS and Congo Red were carried out for the brain sections of the treated
5xFAD mice. These staining results can provide quantitative information on the amyloid deposits
in brain sections,52, 56 and can show a similar trend in Aβ levels as that obtained from analysis of
brain homogenates.57 Prior to quantitative analysis, both the L1- and the vehicle-treated brain
sections were co-stained with ThS and the AF594-HJ3.4 antibody, and as expected ThS stained
the amyloid plaques in the 5xFAD mice brain sections in a significantly colocalized pattern to that
observed for AF594-HJ3.4 (Pearson’s correlation coefficients of 0.59 and 0.52, respectively,
Figure S2). We have quantified the amyloid plaques in the brain sections by analyzing the
fluorescence intensity of the stained plaques of 10 brain sections per mouse that were sliced from
uniformly distributed locations between the frontal lobe and the occipital lobe, thus covering
evenly the entire mouse brain. The brain section images with three different staining methods
(AF594-HJ3.4 antibody, ThS, and Congo Red, respectively) consistently displayed that the
number and the fluorescence intensity of the amyloid plaques were significantly diminished in the
brains from the L1-treated 5xFAD mice, as compared to those from the vehicle-treated 5xFAD
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mice (Figures 6a, 6b and S3–S5). Since the fluorescence intensity of the staining reagent is
proportional to the concentration of amyloid plaques, it was determined that the amount of Aβ
plaques in the L1-treated mice were sharply reduced by ~45% when compared to those of control
group (Figures 6b, S4b, and S5b). To support the quantification of amyloid plaques based on the
fluorescence intensity analysis of the stained brain sections, the total amounts of Aβ 42 (and Aβ40)
species found in soluble (i.e., PBS-soluble) and insoluble (i.e., guanidine-soluble) brain lysates
were quantified by the enzyme-linked immunosorbent assay (ELISA). Importantly, a significant
reduction in the amount of soluble and insoluble Aβ42 species was found in the L1-treated brain
lysate vs. the vehicle-treated control group (a 38% and 50% reduction for soluble and insoluble
Aβ42 species, respectively, Figure 6c) and a 49% reduction for the insoluble Aβ 40 species (Figure
S6). This reduction of the in vivo amount of various Aβ species is well correlated with the imaging
analysis of brain sections stained with ThS, Congo Red, and the AF594-HJ3.4 antibody.
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Figure 6. (a) Representative fluorescence microscopy images of the AF594-HJ3.4 antibody-stained brain
sections from 5xFAD mice treated with L1 or vehicle. The fluorescence of AF594 was monitored with a
standard TRITC filter set. Scale bar: 1 mm. (b) The total number and fluorescence intensity of amyloid
plaques in the AF594-HJ3.4 immunostained brain sections from 5xFAD mouse treated with L1 or vehicle.
When compared to vehicle-treated mice, the amyloid burden in the L1-treated mice was reduced by 49%
and 43% based on the number of amyloid plaques and fluorescence intensity, respectively. The fluorescence
intensity and number of amyloid plaques were obtained as the sum obtained from seven brain sections per
mouse. Error bars represent the standard deviation (n = 3 mice), and the statistical analysis was evaluated
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according to one-way ANOVA (*p < 0.05). (c) PBS-soluble (left) and guanidine-soluble (right) Aβ 42 levels
from brain tissues, quantified using ELISA. Compared to vehicle-treated mice brains, total amount of the
Aβ42 species in the L1-treated mice brains were reduced by 38% and 50% in PBS- and guanidine-soluble
brain homogenates, respectively. Error bars represent standard deviation (n = 3 mice), and the statistical
analysis was evaluated according to one-way ANOVA (**p < 0.01).

Attenuation of Aβ-induced neuroinflammation and p-tau aggregation in 5xFAD mice
Since L1 has important anti-oxidant properties and also modulates the neurotoxicity of Aβ
aggregates, we have also investigated the effect of L1 on other important pathological aspects of
AD, such as the activation of microglia as a neuroinflammatory response and the aggregation of
the phosphorylated tau (p-tau) protein. First, a fluorescently-labeled antibody for the microgliaspecific Iba1 protein was employed to visualize the activated microglia, which play a critical role
in the neuroinflammatory response during AD progression.58, 59 Excitingly, microglia activation
was appreciably suppressed near the amyloid plaques observed in the brain sections from the L1treated 5xFAD mice, compared to those from the vehicle-treated 5xFAD mice (Figures 7a and S7),
and the quantification of the fluorescence intensity of the immunostained-Iba1 antibody revealed
a significant reduction of 43% of microglia activation in the L1-treated mouse brains vs. the control
group (Figure 7b). These results nicely complement the observation that L1 alleviates the
neurotoxicity of Aβ aggregates and suppresses metal-mediated ROS generation and oxidative
stress, which in turn leads to the attenuation of neuroinflammation mediated by activated microglia
near the amyloid plaques.
We have also employed a fluorescently-labeled antibody AT8 to immunostain the p-tau aggregates
surrounding the amyloid plaques and quantify the amount of such p-tau aggregates based on the
fluorescence intensity and number of aggregates. Importantly, the amount of p-tau aggregates
surrounding the amyloid plaques in the L1-treated mouse brains vs. the vehicle-treated controls
20

were dramatically reduced by 44% and 30% based on the fluorescence intensity and number of ptau aggregates, respectively, both in the cortex and hippocampus areas of the brain (Figures 7a, 7c,
and S8). This appreciable result is in contrast to the recent amyloid-targeting antibody
immunotherapies showing effective reduction of Aβ deposition but no effect on p-tau aggregation
in vivo.13, 60-62 While the role of Aβ species in the initial p-tau aggregation and the formation in
intracellular neurofibrillary tangles and their neurotoxicity is still unclear, 13 it is clearly evident
that L1 suppresses the formation of p-tau aggregates near the amyloid plaques.
Overall, these results are quite exciting, since they show that L1 can be taken up in the brain of
5xFAD mice and is not degraded rapidly (as confirmed by the detection of its fluorescence in the
brain sections of the L1-treated mice), that L1 binds in vivo to the amyloid plaques, leading to an
appreciable reduction of the amyloid plaques upon treatment of the 5xFAD mice with L1.
Moreover, L1 mitigates the activated microglia-mediated neuroinflammatory response and also
reduces the surrounding p-tau aggregation, which is quite uncommon among the many amyloidtargeting agents that have been employed in recent clinical trials. Therefore, by virtue of the
multifunctional properties of L1 described above, we conclude that the MFC L1 reduced
considerably the development of several pathological hallmarks of AD and thus could exhibit
therapeutic efficacy for delaying the progression of this disorder.
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Figure 7. (a) Representative fluorescence microscopy images of the AF594-Iba1 and AF594-AT8
immunostained brain sections (cortex and hippocampus areas) from 5xFAD mice treated with L1 or vehicle.
All fluorescence images are the maximum intensity projection images obtained from 30 Z-sections
collected at 1 µm intervals. Color: red, AF594-Iba1 or AF594-AT8 antibody; blue, ThS. Scale bar: 50 μm.
(b) Quantification of the fluorescence intensity of AF594-Iba1 immunostained brain sections from 5xFAD
mice, showing that the extent of microglia activation in the L1-treated mice was reduced by 43% vs. the
vehicle-treated mice. The fluorescence intensity was the sum obtained from eight fluorescence images
randomly chosen in four brain sections per mouse. Error bars represent standard deviations (n = 3 mice),
and the statistical analysis was evaluated according to one-way ANOVA (**p < 0.01). (c) Quantification
of the number and fluorescence 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% based on the
fluorescence intensity and number of p-tau aggregates, respectively. The fluorescence intensity and number
of p-tau aggregates were obtained as the sum obtained from eight fluorescence images randomly chosen in
four brain sections per mouse. Error bars represent standard deviations (n = 3 mice), and the statistical
analysis was evaluated according to one-way ANOVA (*p < 0.05, ***p < 0.001).
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Conclusions
Herein we report that the MFC L1 that incorporates Aβ-interacting and metal-binding groups into
a small molecule framework exhibits in vivo properties that suggest a potential therapeutic efficacy
against AD. Due to the high affinity of L1 for both Aβ species and Cu ions, L1 outcompetes Aβ
species for binding Cu2+ ions and thus can prevent the formation of Cu-stabilized soluble Aβ
oligomers and promotes the formation nontoxic, amorphous aggregates. In addition, L1 exhibits
appreciable antioxidant properties, including radical scavenging activity and suppression of metalmediated radical generation, and contributes to the recovery of neuroblastoma N2A cells from
Cu2+-induced Aβ neurotoxicity. Along with its favorable BBB permeability, L1 showed efficient
Aβ-binding in the 5xFAD mouse brains, which allowed for in vivo modulation of Aβ aggregation
and protection against metal-induced Aβ neurotoxicity. Interestingly, the quantification of amyloid
plaques in brain sections based on quantification of immunostaining and ELISA analysis revealed
an up to 50% reduction of amyloid plaques in the L1-treated 5xFAD mice versus the vehicletreated mice. Importantly, L1 also alleviated the neuroinflammatory response in vivo by reducing
the activation of microglia and also reduced the amount of p-tau aggregates surrounding the
amyloid plaques, thus holding potential for delaying the progression of AD. These properties are
quite uncommon among the previously reported amyloid-targeting chemical agents, and in the
near future we plan to evaluate the ability of L1 to have a beneficial effect on the learning and
memory performance of AD mice.
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Experimental section
The general experimental methods, Aβ peptide preparation, Trolox equivalent antioxidant capacity
(TEAC) assays, coumarin-3-carboxylic acid (CCA) assays, pulsed hydrogen–deuterium exchange
(HDX) studies and HDX data analysis, cell viability, and multiphoton in vivo imaging studies are
described in the Supplemental Information.
Treatment of mice with L1. All animal studies have been approved by the Washington University
Animal Studies Committee, and the handling of mice was performed in accordance with
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institutional regulations. Three-month old 5xFAD mice were divided 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 µL of PBS, pH 7.4, 1% DMSO) or vehicle (200 µL of PBS, pH 7.4, 1% DMSO) via
intraperitoneal injection. After 30 days, all mice were sacrificed under deep anesthesia for
perfusion and brain harvesting.
Mouse brain section preparation. All mice treated with L1 and vehicle were anesthetized with
Ketamine/Xylazine (5 µL/g) via intraperitoneal injection and perfused with PBS containing 0.3%
heparin.

After

being

harvested,

brains

were

divided

into

two

hemispheres

for

immunohistochemistry and Aβ quantification. The right hemisphere was fixed in 4%
paraformaldehyde in PBS (pH 7.4) at 4 °C overnight and preserved in 30% sucrose (w/v) in PBS
(pH 7.4) at 4 °C for 3 days. The serial brains were coronally sectioned (thickness: 50 µm) on a
freezing sliding microtome. The brain sections were kept in a cryoprotectant solution of 30%
ethylene glycol (v/v) and 15% sucrose (w/v) in 0.1 M phosphate buffer (pH 7.4) at –20 °C. The
left hemisphere was frozen with dry ice and kept at –80 °C.
Mouse brain section staining. Brain sections were permeabilized in PBS with 0.25% triton-x100
for 30 min at room temperature and washed with PBS (3 × 5 min). To quantify the Aβ aggregates,
the brain sections were treated with ThS solution (0.005% in PBS) or with Congo Red solution (5
µM, in PBS) for 30 min. After sequential washes with PBS (1 × 5 min), 50% EtOH/PBS (1 × 5
min), and PBS (3 × 5 min), the brain sections were mounted with mounting media. For
immunostaining, the brain sections were treated with blocking solution (0.1% triton-x100, 0.2%
dry milk, and 1% BSA in PBS) at room temperature for 1 h, and then incubated with AF594conjugated anti-Aβ antibody (AF594-HJ3.4 antibody) solution (1:1000 dilution in blocking
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solution) at room temperature for 1 h.55 After staining, the brain sections were washed with PBS
(3 × 5 min) and mounted with mounting media. For double staining with ThS and an antibody, the
brain sections were stained with ThS, followed by the same incubation and washing steps used for
ThS staining alone. After incubation with the blocking solution, the brain sections were treated
with antibody solution (AF594-HJ3.4, AF594-Iba1, or AF594-AT8) diluted in the blocking
solution (1:1000) at room temperature for 1 h, and mounted with mounting media. For AF594Iba1 staining, antigen retrieval was performed by pretreating the brain sections with citrate buffer
(10 mM sodium citrate, 0.05% tween 20, pH 6.0) for 30 min at 80 °C. Fluorescence images were
visualized using either a Nikon Eclipse 80i, EVOS FL Auto 2, or Hamamatsu NanoZoomer
fluorescence microscope. The maximum intensity projection images of the AF594-Iba1- and
AF594-AT8-stained brain sections were obtained from 30 Z-sections collected at 1 µm intervals.
The number and fluorescence intensity of amyloid plaques, microglia cells, and aggregated p-tau
in each brain section were quantitatively analyzed by the imageJ program under the same
minimum and maximum values of fluorescence intensity. Colocalization analysis and
determination of the Pearson’s correlation coefficient was performed with the imaging software
Fiji (ImageJ 1.52p).
Enzyme-linked immunosorbent assay (ELISA). The frozen brain tissue (left hemisphere) was
weighed and homogenized in cold PBS (100 mg/mL, 10% w/v) with a protease inhibitor cocktail
(1:100 dilution, ThermoFisher Scientific). After centrifugation at 16,000 × g for 20 min at 4 °C,
the supernatant containing the soluble Aβ species was separated. The pellet was resuspended in 5
M guanidine HCl/50 mM Tris-HCl (pH 8, 100 mg/mL, 10% w/v) and incubated at room
temperature for 4 h. After centrifugation at 16,000 × g for 20 min at 4 °C, the supernatant
containing insoluble Aβ species was separated. Both supernatants were diluted 1000–10000 fold,
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and then the levels of soluble- and insoluble-Aβ species from both supernatants were measured by
human Aβ42/Aβ40 ELISA kits, in accordance with the protocol provided by the manufacturer
(Invitrogen).
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A multifunctional chemical agent was shown to attenuate the beta-amyloid and tau burden
and neuroinflammation in an Alzheimer’s mouse model.
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General methods
Unless otherwise noted, all chemical reagents and solvents were purchased from commercial
suppliers and used without further purification. The Neuro-2a (N2A) mouse neuroblastoma cell
line was purchased from the American Type Culture Collection (ATCC) and cultivated in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% antibiotic
(penicillin-streptomycin) in a humidified 5% CO 2 incubator at 37 °C. 5xFAD transgenic mice
(Tg6799 line) overexpressing mutant human APP (695) with the Swedish (K670N, M671L),
Florida (I716V), and London (V717I) were purchased from Jackson Laboratories (Bar Harbor,
ME, USA). Monoclonal anti-Aβ antibody HJ3.4 was obtained from Prof. David Holtzman
(Department of Neurology, Washington University School of Medicine). 1 Iba1 polyclonal
antibody (Iba1) and phospho-Tau (Ser202, Thr205) monoclonal antibody (AT8) were purchased
from ThermoFisher Scientific. The antibodies were directly labeled with Alexa Fluor™ 594 using
an Antibody Labeling Kit (ThermoFisher Scientific), in accordance with the protocol provided by
the manufacturer.

Aβ peptide preparation
All Aβ42 monomeric films were prepared following a literature protocol. 2 Briefly, the Aβ42 peptide
(Keck Biotechnology Resource Laboratory, Yale University or rPeptide) was dissolved in
hexafluoroisopropyl alcohol (HFIP, 1 mM) and incubated for 1 h at room temperature. The clear
solution was transferred into low-binding Eppendorf tubes and allowed to evaporate overnight.
The aliquots were dried by vacuum centrifugation for 10 min, and the resulting films of monomeric
Aβ42 were stored at −80 °C.
S3

Trolox equivalent antioxidant capacity (TEAC) assays
The antioxidant activity of L1 was evaluated by the TEAC assay as described in the literature. 3, 4
2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, 16.46 mg, 30 µmol) and
potassium persulfate (3.24 mg, 12 µmol) were dissolved in 4 mL of water and the mixture was
shaken overnight in the dark at room temperature to generate the ABTS •+ radical cation. The
ABTS•+ solution (30 µL) was diluted with methanol to a final volume of 300 µL to give an
absorbance of 0.711 at 470 nm. Stock solutions (1 mM) of Trolox, glutathione, and L1 were
prepared in methanol. Each solution (30 µL, for a final concentration of 100 µM) was added into
96-well plate and diluted with methanol to make a final volume of 270 µL. After adding 30 µL of
the ABTS•+ solution into each well, the absorbance at 470 nm was monitored at selected time points
(1, 3, 6, and 15 min). The assays were performed with various concentrations of the compounds
(25, 50, 75 and 100 µM) and carried out in triplicate. The percent inhibition was calculated based
on the absorbance (% inhibition = 100 × (A0 − A)/A0), and then was plotted as a function of the
concentration of the compound. The TEAC values of each compound were obtained after
normalization of the slope by that of Trolox.

Coumarin-3-carboxylic acid (CCA) assays
The CCA was used to measure the production of hydroxyl radical induced by Cu ions. 4 The stock
solutions (10 mM) of CCA, CuSO4, ascorbic acid, and L1 were prepared in water. Each compound
was added into 96-well plate and diluted with PBS (1×, pH 7.4) to make a solution with the
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following concentrations: CCA [100 µM], CuSO4 [40 µM], ascorbic acid [400 µM], and L1 [40
µM] (final volume: 200 µL). The fluorescence from 7-hydroxycoumarin-3-carboxylic acid was
then monitored upon excitation at 395 nm and emission at 450 nm for 1 h using a SpectraMax M2e
plate reader (Molecular Devices, USA).

Pulsed hydrogen–deuterium exchange (HDX) assays
A monomeric film of Aβ42 was dissolved in anhydrous DMSO (1 mM), and Aβ42 aggregation was
induced by dilution with PBS buffer (1×, pH 7.4) at 37 °C in a 1:19 (v/v) ratio, in the presence of
CuCl2 and L1 at the same concentration as that of Aβ42 (final concentration of Aβ42, Cu2+, and L1:
50 μM). The final solution was horizontally agitated at 150 rpm for 42 h. The samples were
collected at selected time points (13 times) for hydrogen–deuterium exchange (HDX) analysis.
Soluble Aβ42 aggregates were enriched by centrifugation (16,000 × g, 5 min at 4 °C), and the
centrifuged samples were carefully divided into two equal-volume parts (10 μL each). The lower
half of the sample was submitted to MS analysis to generate the plots shown in figures, using the
method reported previously.5
The HDX experiments were carried out by mixing the sample solution and D 2O buffer (pD 7.4
PBS in D2O) in a 1:1 (v/v) ratio for 1 min at 0 °C. The HDX reaction was quenched by adding 30
μL of 3 M urea with 1% TFA into the solution to make a pH 2.5 solution. The quenched solution
was passed through a custom-packed pepsin column at 200 μL/min for digestion, and the peptic
peptides were captured on a C8 trap column (2 mm × 1 cm, Agilent Inc., Santa Clara, CA) and
desalted (the total time for digestion and desalting was 3 min). The peptides were then separated
with a linear gradient of 4−40% of CH3CN in 0.1% formic acid (v/v) over 5 min. Both the peptide
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digestion and separation were performed at 0 °C to minimize back-exchange. The eluted peptides
were analyzed by a MaXis quadrupole time-of-flight (Bruker Daltonics Inc., Germany) in the
positive-ion electrospray ionization mode. All analyses were done in triplicate.

Pulsed HDX data analysis and processing
Peptic peptides identification was performed as described previously. The centroid mass of the
peptides was converted by MagTran v1.03. The percent protection was calculated by using Eq. 1:
%protection = 100% − %D = 1 −

(

)× .

× 100%

Eq 1

where mHDX is the centroid mass of the deuterated peptides, mcontrol was the centroid mass of
nondeuterated peptides, (N−2) is the number of exchangeable amide hydrogens, and 0.5 is the final
D2O content of the buffer system. The experimentally determined time-dependent data (mass shift
versus incubation time) were characterized phenomenologically by following the recommendation
of Finke and coworkers to use the simplest model consistent with the data, 6 and all kinetic curves
were fitted with a modified F-W model.5

Cell viability studies
The N2A cells were seeded (2.5 × 104 cells/well) onto 96-well plates with DMEM/10% FBS and
incubated for 24 h. The media was replaced with serum-free medium containing N2 supplement.
After 1 h, the Aβ42 peptide [20 µM], CuCl2 [20 µM], and L1 [2 µM]) were added into each well in
different conditions (Aβ42 only, L1 only, Aβ42 oligomers only, Aβ42 + Cu, Aβ42 + Cu + L1),
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followed by incubation at 37 °C. The final volume in each well was 100 μL, with up to 1% DMSO.
After 40 h, each well was treated with 10 μL of Alamar blue reagent and the cells were incubated
for 1.5 h. Absorbance was measured at 570 nm (control OD = 600 nm) using a SpectraMax M2e
plate reader (Molecular Devices, USA).

Multiphoton in vivo imaging studies. The handling and imaging of mice were performed in
accordance with institutional guidelines. 8-month old 5xFAD and WT mice were placed in a
stereotaxic frame with ear bars under 2% isoflurane, and the skin and periosteum were removed
to expose the skull. Compound L1 (500 µM, 1% DMSO in PBS) was directly administrated into
the brain via intracranial injection at three points at the edge of the cranial window area. The
injection rate was 0.2 µL/min for 10 min at each point. After intracranial injections, thinned-skull
cranial windows were prepared as previously described.7 The skull was thinned with a high-speed
drill and scraped with a microsurgical blade until it was transparent and flexible. One cranial
window (5 × 5 mm) was prepared over the barrel cortex of a hemisphere of the brain. Then, the
mice were mounted on a custom-built stereotaxic apparatus for two-photon imaging and a small
ring of molten bone wax was applied to the skull surrounding the perimeter of the window to create
a water immersion chamber. The cranial window was placed under the objective lens on a twophoton microscope (Zeiss LSM510 META NLO) with tunable Coherent Chameleon Ultra I laser.
Prior to two photon imaging, mice were intravenously injected with Texas Red-dextran conjugate
(70 kDa molecular weight, 200 µL, 25 mg/kg dissolved in PBS (pH 7.4)) via cannulated jugular
veins to see blood vessels. The fluorescence of L1 and Texas Red were monitored with 435–485
nm and 565–615 nm emission filters under excitation of 770 nm and 543 nm, respectively.
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Figure S1. In vivo two-photon fluorescence brain images of AD (a and b) or WT (c) mice after
intracranial injection of L1. The fluorescence from L1 was monitored at 435–485 nm under
excitation of two-phone excitation at 770 nm. For blood vessels staining, dextran–Texas Red (70
kDa) was intravenously injected prior to two-photon imaging. The fluorescence from Texas Red
was monitored at 565–615 nm under excitation of excitation at 543 nm. The regions in each image
with white rectangle are magnified. Scale bar: 50 µm.
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Figure S2. Fluorescence microscopy images of the brain sections from 5xFAD mouse treated with
L1 or vehicle. The brain sections were co-stained with AF594-HJ3.4 antibody and ThS. The
fluorescence signals from AF594-HJ3.4 antibody and ThS were monitored at 600–660 nm and
515–555 nm under excitation at 540–580 nm and 465–495 nm, respectively. Color: red, AF594HJ3.4 antibody; green, ThS. Scale bar: 100 µm. ThS was strongly colocalized with AF594-HJ3.4
in the amyloid plaques (Pearson’s correlation coefficients of 0.52 and 0.59 for the L1- and vehicletreated brains).
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Figure S3. (a) Representative fluorescence microscopy images of the AF594-HJ3.4 antibodystained brain sections from 5xFAD mouse treated with L1 or vehicle. The fluorescence of AF594
was monitored with a standard TRITC filter set. Scale bar: 1 mm. (b) The total number and
fluorescence intensity of amyloid plaques in the AF594-HJ3.4 antibody-stained brain sections
from 5xFAD mouse treated with L1 or vehicle. (c) When compared to vehicle-treated mice, the
amyloid burden in the L1-treated mice was reduced by 49% and 43% based on the number of
amyloid plaques and fluorescence intensity, respectively. The fluorescence intensity and number
of amyloid plaques were obtained as the sum obtained from seven brain sections per mouse. Error
bars are presented as standard deviation (n = 3 mice), and the statistical analysis was evaluated
according to one-way ANOVA (*p < 0.05).
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Figure S4. (a) Representative fluorescence microscopy images of the ThS-stained brain sections
from 5xFAD mouse treated with L1 or vehicle. The fluorescence of ThS was monitored with a
standard FITC filter set. The image in right lane is a magnified view. Scale bar: 1 mm. (b) The
total number and fluorescence intensity of amyloid plaques in the ThS-stained brain sections from
5xFAD mouse treated with L1 or vehicle. (c) When compared to vehicle-treated mice, the amyloid
burden in the L1-treated mice were reduced by 29% and 45% based on the number of amyloid
plaques and fluorescence intensity, respectively. The fluorescence intensity and number of
amyloid plaques were obtained as the sum obtained from ten brain sections per mouse. Error bars
are presented as standard deviation (n = 3 mice), and the statistical analysis was evaluated
according to one-way ANOVA (*p < 0.05).
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Figure S5. (a) Representative fluorescence microscopy images of the Congo Red-stained brain
sections from 5xFAD mouse treated with L1 or vehicle. The fluorescence of Congo Red was
monitored with a standard TRITC filter set. The image in right lane is a magnified view. Scale bar:
1 mm. (b) The total number and fluorescence intensity of amyloid plaques in the Congo Redstained brain sections from 5xFAD mouse treated with L1 or vehicle. When compared to vehicletreated mice, the amyloid burden in the L1-treated mice were reduced by 26% and 40% based on
the number of amyloid plaques and fluorescence intensity, respectively. The fluorescence intensity
and number of amyloid plaques were obtained as the sum obtained from ten brain sections per
mouse. Error bars are presented as standard deviation (n = 3 mice), and the statistical analysis was
evaluated according to one-way ANOVA (*p < 0.05).
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Figure S6. Guanidine-soluble Aβ40 levels from brain tissues, quantified using ELISA. Compared
to the vehicle-treated mice brains, the total amount of the Aβ 40 species in the L1-treated mice was
reduced by 49% in the guanidine-soluble brain homogenates. Error bars represent standard
deviations (n = 3 mice), and the statistical analysis was evaluated according to one-way ANOVA
(**p < 0.01). Note: the amounts of PBS-soluble Aβ40 species obtained from the vehicle- and L1treated mice brains were too small to be detected reproducibly by ELISA.
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Figure S7. Representative bright field and fluorescence images of the AF594-Iba1-stained brain
sections from 5xFAD mice treated with L1 or vehicle. The fluorescence of AF594-Iba1 was
monitored with a standard Texas Red filter set. The regions highlighted with a yellow rectangle in
the cortex and hippocampus areas of each brain section were magnified and shown in the right
panels. All fluorescence images are the maximum intensity projection images obtained from 30 Zsections collected at 1 µm intervals. Color: red, AF594-Iba1 antibody; blue, ThS. Scale bar: 50
μm.
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Figure S8. Representative bright field and fluorescence images of the AF594-AT8-stained brain
sections from 5xFAD mouse treated with L1 or vehicle. The fluorescence of AF594-AT8 was
monitored with a standard Texas Red filter set. The regions highlighted with a yellow rectangle in
the cortex and hippocampus areas of each brain section were magnified and shown in the right
panels. All fluorescence images are the maximum intensity projection images obtained from 30 Zsections collected at 1 µm intervals. Color: red, AF594-AT8 antibody; blue, ThS. Scale bar: 50
μm.
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