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ABSTRACT: Aggregation of the microtubule-binding protein tau is the
histopathological hallmark of Alzheimer’s disease (AD) and other neuro- / 11 <,
degenerative diseases, which are collectively known as tauopathies. Tau }\4 I ) ( )

aggregation in AD patients is correlated with neuron loss, brain atrophy, and p |
cognitive decline, and pro-aggregation tau mutations are sufficient to cause & | ) (
neurodegeneration and dementia in humans and tauopathy model mice. ‘ ’
Thus, reversing tau aggregation is a potential therapeutic avenue for AD. In a —~ \
>
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tau aggregation cell culture model. We also demonstrate that 8 weeks of
treatment with either CNS-11D or CNS-11G reduces levels of insoluble tau
in a mouse model of tauopathy. Our work defines the properties of two small molecules that diminish aggregation of tau in vivo and
provides further support for structure-based methods to target tau for treatment of AD.
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previous study, we discovered CNS-11, a small molecule that disaggregates
AD patient brain-extracted tau fibrils in vitro. In this study, we identify two
chemical analogs of CNS-11, named CNS-11D and CNS-11G, that
disaggregate AD patient brain-extracted tau fibrils and prevent seeding in a
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B INTRODUCTION

Alzheimer’s disease (AD) is a slow and progressive form of
dementia. AD is associated with the accumulation of proteins

in the locus coeruleus and entorhinal cortex, spreading to
synaptically connected regions such as the hippocampus, and
eventually moving to the neocortex.'”'” This pattern suggests
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amyloid-f (Af) and tau as extracellular amyloid plaques and
intracellular neurofibrillary tangles (NFTs), respectively.
Amyloid plaques and NFTs are hypothesized to be neurotoxic;
therefore, targeting their formation has been one approach for
designing therapeutics. For example, FDA-approved drugs
lecanemab and donanemab are monoclonal antibodies that
target Af3 and the formation of amyloid plaques."”” However,
these drugs can only slow the progression of AD and cannot
halt or reverse it. Laboratory and clinical studies in AD patients
have demonstrated that increased NFTs formed from tau, not
plaques formed from Ap, are correlated with progressive
neuron loss, brain atrophy, and cognitive decline.*™"! There-
fore, a drug targeting tau, either alone or in combination with a
drug that targets Af, could have greater potential for halting
the progression of AD.

NFTs form when soluble tau molecules adopt identical,
tightly packed conformations that exclude solvent and stack
into an insoluble amyloid fibril. In AD patients, tau deposition
and NFT formation progress in an orderly fashion, beginning
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that tau pathology spreads by “seeding” or fibril-templated
conversion of soluble tau to its insoluble form by existing tau
fibrils. Multiple laboratory studies have demonstrated seeding
among cultured cells'*™"” and in mice."*™** When small
quantities of preformed fibrils are transfected into tau-
expressing cells, large amounts of soluble tau are rapidly
recruited (“seeded”) into insoluble aggregates resembling
NFTs.'"® When transgenic mice expressing human tau are
injected intracranially with preformed fibrils, tau inclusions
develop in the injected hippocampus and eventually spread to
the contralateral hippocampus.””*' Drugs that disaggregate
insoluble tau fibrils and prevent them from seeding the
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Figure 1. Chemical analogs of CNS-11 disaggregate tau fibrils from AD patients and prevent seeding in HEK293 biosensor cells. (A) Chemical
analogs of CNS-11. Conserved chemical structures are colored in gray and distinctive chemical structures are colored in red. (B) Negatively stained
electron micrographs of AD brain-extracted tau fibrils from AD1 after incubation for 24 h at 37 °C with no treatment, vehicle (1% DMSO), EGCG,
CNS-11, or one of the four chemical analogs of CNS-11 at a concentration of 500 M. (C) Quantification of AD brain-extracted tau fibrils (black
arrows) present on EM images (n = 40 images taken from random points on the EM grid). Images were approximately 4X the size of images in (B).
Statistical analysis was performed using a Kruskal—Wallis test followed by Dunn’s multiple comparison test (ns, P > 0.05; *P < 0.05; **P < 0.01;
#kkP < 0.001; ***#P < 0.0001) in GraphPad Prism. Error bars represent one standard deviation. (D) Quantification of fluorescent puncta formed
in HEK293T biosensor cells seeded with AD brain-extracted fibrils from AD1. Prior to seeding, fibrils were incubated with no treatment, vehicle
(1% DMSO), EGCG, CNS-11, or one of the four chemical analogs of CNS-11. Final concentration of small molecule on biosensor cells was 12.5
UM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test (ns, P > 0.05; *P < 0.05; **P < 0.01;
kP < 0.001; *#**P < 0.0001) in GraphPad Prism. Error bars represent one standard deviation.

formation of additional fibrils might halt the progression of like compounds that have characteristics favoring blood—brain
AD. barrier (BBB) permeability (following the Lipinski rule of five,

The small-molecule EGCG, abundant in green ;g"‘" has long low polar surface area, etc.). With experimental validation, we
been known to disaggregate amyloid fibrils. However, discovered lead compound CNS-11, which prevents seeding in

EGCG has poor bioavailability, fails to penetrate the brain, and
is readily modified in the body.”” In a prior study to
understand how EGCG disaggregates stable amyloid fibrils,
we applied cryo-electron microscopy to determine the atomic
structure of a cryo-trapped complex of EGCG bound to AD

a tau aggregation cell culture model and disaggregates AD

patient brain-extracted tau fibrils in vitro.”®
In this study, we screen four chemical analogs of CNS-11 for

their ability to disaggregate AD patient brain-extracted tau

brain-extracted tau.”® Using the EGCG binding site as a fibrils in vitro. We identify two additional lead compounds,
pharmacophore, we computationally screened ~60,000 drug- CNS-11D and CNS-11G, and determine that administration of
B https://doi.org/10.1021/acschemneuro.5c00940
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CNS-11D or CNS-11G reduces levels of insoluble tau in a
mouse model of tauopathy.

B RESULTS

Chemical Analogs of CNS-11 Disaggregate Tau Fibrils
from AD Patients

We recently designed ten chemical analogs of a compound that
disaggregates AD tau, CNS-11.”” In preliminary in vitro
experiments, four of these analogs showed a higher degree of
promise for disaggregating AD brain-extracted tau fibrils
compared to the other six analogs (data not shown).
Therefore, we sought to determine whether four of the ten
chemical analogs, CNS-11A, CNS-11B, CNS-11D, and CNS-
11G (Figure 1A), can disaggregate tau fibrils extracted from
post-mortem brain tissue of AD patients.

We extracted fibrils from post-mortem brain tissue of three
AD patients (AD1, AD2, and AD3, Table S1). We incubated
the AD brain-extracted fibrils with vehicle (1% DMSO),
EGCG, CNS-11, or one of the four chemical analogs of CNS-
11 and counted the fibrils visible by negative-staining electron
microscopy. We then divided the fibril counts by counts of the
vehicle-treated control to obtain a normalized fibril count.
Incubation of AD1 with EGCG resulted in the greatest
reduction of the number of AD brain-extracted fibrils
compared with no treatment (normalized fibril count of
0.244). EGCG was followed by CNS-11D, CNS-11, CNS-11B,
and CNS-11G (normalized fibril counts of 0.424, 0.459, 0.560,
and 0.802, respectively, Figure 1B,C). Incubation of AD1 with
neither vehicle nor CNS-11A reduced the number of AD
brain-extracted fibrils compared with no treatment (normal-
ized fibril counts of 1.048 and 0.943, respectively, Figure
1B,C). We observed similar findings with incubation of AD2
and AD3 with the same compounds (Figure S1).

Chemical Analogs of CNS-11 Prevent Seeding by Tau
Fibrils from AD Patients in HEK293 Biosensor Cells

Next, we determined whether these chemical analogs prevent
seeding by AD tau fibrils in a tau aggregation cell model.
HEK293T biosensor cells stably express YFP-fused tau-K18."”
‘When HEK293T biosensor cells are seeded by exogenous tau
fibrils, endogenous YFP-fused tau-K18 aggregates and forms
fluorescent, quantifiable puncta. We incubated AD brain-
extracted fibrils from patient AD1 with vehicle (1% DMSO),
EGCG, CNS-11, or one of the four chemical analogs of CNS-
11 and seeded biosensor cells with the mixtures. Incubation
with EGCG resulted in the greatest reduction of seeding by
AD brain-extracted fibrils compared to no treatment
(normalized puncta count of 0.020, Figure 1D). EGCG was
followed by CNS-11G, CNS-11D, CNS-11, and CNS-11A
(normalized puncta counts of 0.267, 0.349, 0.357, and 0.359,
respectively; Figure 1D). Incubation with vehicle or CNS-11B
did not reduce seeding by AD brain-extracted fibrils compared
to no treatment (normalized puncta counts of 1.037 and 0.737,
respectively; Figure 1D).

CNS-11 and CNS-11G Disaggregate Tau Fibrils from AD
Patients at Concentrations Lower than 500 uM

Among the four chemical analogs, CNS-11D and CNS-11G
showed the greatest promise as tau disaggregators because they
were able to both reduce the number of AD brain-extracted
fibrils and reduce seeding by AD tau fibrils in biosensor cells.
We incubated AD brain-extracted fibrils from patient AD3 with
vehicle (1% DMSO), CNS-11, CNS-11D, or CNS-11G at 25

and 100 yM and counted the fibrils visible by electron
microscopy. Both CNS-11 and CNS-11G reduced the number
of AD brain-extracted fibrils at 100 uM, and CNS-11G reduced
the number of AD brain-extracted fibrils at 25 uM (Figure S2).

CNS-11, CNS-11D, and CNS-11G Prevent Seeding by Tau
Fibrils at Dose below Their Respective LD50s

Next, we assessed the toxicity of CNS-11, CNS-11D, and
CNS-11G on cultured Neuro-2a (N2a) neuronal cells using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) dye reduction cell viability assay. The LDSOs of
CNS-11, CNS-11D, and CNS-11G were 5.5 uM, 27.6 uM, and
204 uM, respectively (Figure S3). We incubated AD brain-
extracted fibrils from patient AD1 with vehicle (1% DMSO),
CNS-11, CNS-11D, or CNS-11G at various concentrations
and seeded biosensor cells with the mixtures. CNS-11, CNS-
11D, or CNS-11G reduces seeding by AD tau fibrils in
biosensor cells in a dose-dependent manner (Figure S4). It was
not possible to determine ICsys of the small molecules as we
were unable to obtain measurements of seeding inhibition at
doses higher than 5 yM due to their poor solubility. However,
CNS-11 reduced seeding by 45% compared to the vehicle-
treated control at 2.5 M, CNS-11D reduced seeding by 50%
compared to the vehicle-treated control, and CNS-11G
reduced seeding by 54% compared to the vehicle-treated
control. CNS-11, CNS-11D, and CNS-11G all reduced seeding
by approximately 50% at doses lower than their respective
LDS0s.

CNS-11, CNS-11D, and CNS-11G Prevent Seeding by Fibrils
from Multiple Tauopathies in HEK293 Biosensor Cells

Next, we determined whether these chemical analogs prevent
seeding by fibrils from other tauopathies in HEK293T
biosensor cells. We extracted fibrils from post-mortem brains
of patients with AD, Pick’s disease (PiD), corticobasal
degeneration (CBD), or progressive supranuclear palsy
(PSP). We incubated the brain-extracted fibrils as well as
recombinant tau-K18+ fibrils with vehicle (1% DMSO), CNS-
11, CNS-11D, and CNS-11G and seeded biosensor cells with
the mixtures.

Incubation with CNS-11 resulted in reduction of seeding by
AD brain-extracted fibrils (normalized puncta count of 0.832)
and PiD fibrils (normalized puncta count of 0.646) compared
to no treatment but not CBD, PSP, or K18+ fibrils (Figure
S5A). Incubation with CNS-11D resulted in reduction of
seeding by AD brain-extracted fibrils (normalized puncta count
of 0.837) and K18+ fibrils (normalized puncta count of 0.645)
compared to no treatment but not PiD, CBD, or PSP fibrils
(Figure SSB). Incubation with CNS-11G resulted in reduction
of seeding by AD brain-extracted fibrils (normalized puncta
count of 0.551) and K18+ fibrils (normalized puncta count of
0.163) compared to no treatment but not PiD, CBD, or PSP
fibrils (Figure SSC). CNS-11, CNS-11D, and CNS-11G each
halted seeding by tau fibrils from multiple sources.

CNS-11, CNS-11D, and CNS-11G Do Not Inhibit Primary
Tau Aggregation

To assess whether CNS-11, CNS-11D, or CNS-11G influences
primary tau aggregation, we performed a ThT aggregation
kinetics assay (Figure S6). No difference is seen in lag time and
maximum ThT intensity between recombinant tau-K18+
allowed to aggregate in the presence of either CNS-11,
CNS-11D, or CNS-11G compared to vehicle under the
conditions tested.
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Figure 2. Brain penetration of CNS-11D in mice. (A,B) Mice were injected intravenously with 1 mg/kg CNS-11D (n = 8) and euthanized 1 h after
dosing. Compound levels in (A) plasma and (B) brain tissue were analyzed using an LC—MS/MS-MRM method. Statistical analysis was performed
using two-way ANOVA (multiple comparisons using Sidak’s multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001;
#k#% p < 0.0001) in GraphPad Prism. Error bars represent one standard deviation. Note: n = S for plasma because the amount of plasma collected
from three of eight mice treated with CNS-11D was an insufficient volume for analysis by LC—MS/MS-MRM.

CNS-11D and CNS-11G Are Soluble under Physiological
Conditions

Before moving to in vivo testing, we determined the water
solubilities of CNS-11, CNS-11D, and CNS-11G. We mixed
them with deuterated water and measured their concentrations
using nuclear magnetic resonance spectroscopy. We deter-
mined the water solubilities of CNS-11D and CNS-11G to be
17.5 uM and 40 uM, respectively (Table S2, Figure S7). The
water solubility of CNS-11 was below the limit of detection
(<1 uM).

CNS-11D Crosses the Mouse BBB More Readily than
CNS-11 and CNS-11G

Because CNS-11D and CNS-11G showed promise as tau
disaggregators, we next assessed their ability to cross the
mouse BBB. We previously determined that CNS-11 and
CNS-11G penetrate the brain.”” CNS-11 was measured in
mouse brain tissue with a range of concentrations of 5.7—17.8
ng/g brain, and CNS-11G was measured in brain tissue with a
range of concentrations of 3.5—25.5 ng/g brain. Following the
same protocol, we administered CNS-11D by tail vein
injection at a dose of 1 mg/kg to wild-type B6C3F1/J mice
(n = 8 for each compound). 1 h after dosing, we euthanized
the mice by cardiac perfusion and collected brain and plasma
samples. A liquid chromatographic—tandem mass spectromet-
ric multiple reaction monitoring (LC—MS/MS-MRM) assay
was used to detect and quantify the drug levels in each tissue
sample. The sample extraction protocol for the plasma and
brain was optimized with spiking experiments in which the
authentic compounds were added to the plasma and brain
from drug-naive mice.”’

One hour following administration, CNS-11D was measured
in the plasma of treated wild-type mice with a range of
concentrations of 6.3—15.0 ng/mL (Figure 2A). CNS-11D was
measured in brain tissue with a range of concentrations of
31.2—121.1 ng/g brain (Figure 2B). Plasma levels of CNS-11D
were not different from those measured for CNS-11 and CNS-
11G, but brain levels of CNS-11D were five to seven times
higher than those measured for CNS-11 and four to eight
times higher than those measured for CNS-11G (Figure 2A,B).

CNS-11 Reduces Levels of Insoluble Tau in Unilaterally
Seeded PS19 Mice

We first characterized CNS-11 in the PS19 mouse model of
tauopathy to determine whether CNS-11 causes toxicity and to
pilot study its effect on tau aggregation in vivo. PS19 mice
express human tau with the pathogenic pro-aggregation P301S
mutation and develop hyperphosphorylated tau inclusions after
six months of age.”’ Young PS19 mice can be seeded by
intracranial injection of tau fibrils to rapidly induce tau
pathology and to ensure consistency in tau spreading among
mice.”’ We stereotaxically seeded 10 two-month-old PS19
mice with tau-K18+ preformed fibrils in the right hippocampus
and the right frontal cortex, as previously described.’’ In
addition, we stereotaxically injected PBS in 4 wild-type, age-
matched B6C3F1/] mice to serve as controls. Beginning 4
weeks after surgery, we administered CNS-11 at a dose of 1 mg
per kg of body weight (mg/kg) by tail vein injection to n = §
PS19 mice and vehicle (1X PBS with 10% DMSO) to n = §
PS19 mice, once a week for 8 weeks. We measured their weight
before each administration (Figure 3A).

After 8 weeks of treatment, we assessed the wild-type and
PS19 mice using the Barnes maze, a test for spatial memory in
which PS19 mice have previously demonstrated a deficit.””
The mice were introduced to a table with multiple holes, and
they learned to find the location of the “escape” hole over the
course of multiple days (Figure S8A). On the final day, we
removed the escape hole and assessed how quickly they went
to the location of the former escape hole (Figure S8B) and
how many times they returned to that location (Figure S8C).
We observed large variations among mice in each group due to
a small cohort and therefore did not find a statistically
significant deficit in the PS19 mice compared to wild-type mice
or a statistically significant difference in PS19 mice treated with
CNS-11 compared to the vehicle.

After behavior testing, we euthanized the mice by cardiac
perfusion and collected brain tissue. We homogenized the right
hippocampi in RIPA buffer, separated the homogenate into
RIPA-soluble and RIPA-insoluble fractions, and performed a
Western blot analysis of both fractions. Seeded PS19 mice had
higher levels of soluble tau and insoluble tau compared to wild-
type mice (1.202 normalized intensity vs 0.4662 normalized
intensity for soluble tau, 0.9733 normalized intensity vs 0.4147
normalized intensity for insoluble tau, Figures 3B—D, S9).
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Figure 3. CNS-11 reduces levels of insoluble tau in PS19 mice without causing obvious toxicity. (A) CNS-11 at a dose of 1 mg per kg of body
weight (mg/kg) was administered by tail vein injection to n = S mice, and vehicle (1X PBS with 10% DMSQO) was administered to n = S mice, once
a week for 8 weeks. The weight of each mouse was recorded weekly. (B) The right hippocampus of each mouse was homogenized in RIPA buffer,
separated into RIPA-soluble and RIPA-insoluble fractions, and analyzed by Western blot analysis with an antitau antibody (Dako). (C) Seeded
PS19 mice had significantly higher levels of soluble tau compared to wild-type mice. Treatment of PS19 mice with CNS-11 did not significantly
change levels of tau in the soluble fraction. Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak’s multiple
comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001) in GraphPad Prism. Error bars represent one standard
deviation. (D) Seeded PS19 mice had significantly higher levels of in soluble tau compared to wild-type mice. Treatment of PS19 mice with CNS-
11 significantly reduced levels of tau in the insoluble fraction. Statistical analysis was performed using two-way ANOVA (multiple comparisons
using Sidak’s multiple comparisons test; ns, p > 0.0S; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) in GraphPad Prism. Error bars
represent one standard deviation. (E) Treatment with CNS-11 did not significantly change plasma AST levels, indicating that it does not affect liver
function. Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak’s multiple comparisons test; ns, p > 0.05; *

p < 0.05; ¥*, p < 0.01; **% p < 0.001; **** p < 0.0001) in GraphPad Prism. Error bars represent one standard deviation. (F) H&E-stained tlssue
sections from the liver of wild-type or PS19 mice treated with vehicle or CNS-11. Degenerative changes limited to periductal hepatocytes are visible
in the livers of wild-type mice. Degenerative changes extending from periductal hepatocytes to the centrilobular region are visible in the livers of
PS19 mice treated with vehicle, and degenerative changes limited to periductal hepatocytes are visible in the livers of PS19 mice treated with CNS-
11.

Treatment of PS19 mice with CNS-11 did not change levels of (1.074 normalized intensity vs 1.202 normalized intensity,
tau in the soluble fraction compared to treatment with vehicle Figures 3B,C, S9). However, treatment with CNS-11 reduced
E https://doi.org/10.1021/acschemneuro.5c00940
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Figure 4. CNS-11D and CNS-11G both reduce levels of insoluble tau in PS19 mice without causing obvious toxicity. (A) CNS-11D or CNS-11G
at a dose of 1 mg per kg of body weight (mg/kg) was administered by tail vein injection to n = S mice, and vehicle (1x PBS with 10% DMSO) was
administered to n = S mice, once a week for 8 weeks. The weight of each mouse was recorded weekly. (B) The right hippocampus of each mouse
was homogenized in RIPA buffer, separated into RIPA-soluble and RIPA-insoluble fractions, and analyzed by Western blot analysis with an antitau
antibody (Dako). (C) Treatment of PS19 mice with CNS-11D or CNS-11G did not significantly change levels of tau in the soluble fraction.

Statistical analysis was performed using two-way ANOVA (multiple comparisons using Sidak’s multiple comparisons test; ns, p > 0.05; *, p < 0.05;

*k p < 0.01; ##% p < 0.001; **#* p < 0.0001) in GraphPad Prism. Error bars represent one standard deviation. (D) Treatment of PS19 mice with
either CNS-11D or CNS-11G significantly reduced levels of tau in the insoluble fraction. Statistical analysis was performed using two-way ANOVA
(multiple comparisons using Sidak’s multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) in
GraphPad Prism. Error bars represent one standard deviation. (E) Treatment with CNS-11D or CNS-11G did not significantly change plasma AST
levels, indicating that they do not affect liver function. Statistical analysis was performed using two-way ANOVA (multiple comparisons using
Sidak’s multiple comparisons test; ns, p > 0.05; *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001) in GraphPad Prism. Error bars
represent one standard deviation. (F) H&E-stained tissue sections from the liver of PS19 mice treated with vehicle, CNS-11D, or CNS-11G. Dark
discoloration in scattered nuclei is visible in the livers of PS19 mice treated with vehicle, and dark discoloration in rare nuclei and mild distention of
sinusoid is visible in the livers of PS19 mice treated with CNS-11D or CNS-11G. There are no signs of liver injury in any group.
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Figure 5. CNS-11D and CNS-11G both reduce phosphorylated tau in the hippocampus of PS19 mice. (A) Representative immunohistochemical
images of CAl and CA3 in the left hippocampus of PS19 mice treated with vehicle, CNS-11D, or CNS-11G. Tissue was stained with AT8 antibody
for phosphorylated tau at residues Ser202/Thr20S and imaged at 10X magnification. (B,C) Percentage of area stained in (B) CAl and (C) CA3
was quantified using Image]. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test (ns, P > 0.0S;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) in GraphPad Prism. Error bars represent one standard deviation.

aspartate aminotransferase (AST) levels to assess the liver
function. Treatment with CNS-11 did not change plasma AST
levels, indicating that it does not grossly affect liver function
(Figure 3E). We performed hematoxylin and eosin (H&E)
staining on sections of the liver, heart, lung, spleen, and kidney.
In the livers of wild-type mice treated with the vehicle, we
observed degenerative changes limited to periductal hepato-
cytes (Figure 3F). In the livers of PS19 mice treated with the
vehicle, we observed degenerative changes extending from
periductal hepatocytes to the centrilobular region, whereas in
the livers of PS19 mice treated with CNS-11, we observed
degenerative changes limited to periductal hepatocytes (Figure
3F). These findings indicate that treatment with CNS-11 does
not cause obvious toxicity to the liver beyond that of the
vehicle. We did not observe any degenerative changes in the
heart, lung, spleen, or kidney of wild-type mice or PS19 mice
treated with vehicle or CNS-11 (Figure S10). In addition,
treatment with CNS-11 did not significantly lower body weight
compared with treatment with vehicle (Figure 3A). Together,
these findings indicate that treatment with CNS-11 at 1 mg/kg,
a dose that reduces levels of insoluble tau, does not cause
obvious toxicity to PS19 mice.

Tau Pathology in Unilaterally Seeded PS19 Mice Is
Insufficient to Determine Effects of CNS-11

Finally, we fixed the left cerebral hemispheres, contralateral to
seeding, from the PS19 mice treated with vehicle or CNS-11.
We sectioned the tissue into 10 pm thick sections and stained
sections from the hippocampus with AT8 antibody for
phosphorylated tau at residues Ser202/Thr20S. However,
there was insufficient pathological change for analysis on the
left hemisphere as the PS19 mice were seeded in the right
hippocampus and the right frontal cortex. Because we were
unable to obtain tissue suitable for analysis, we cannot
conclude that CNS-11 reduces tau pathology in PS19 mice.

CNS-11D and CNS-11G Each Reduce Levels of Insoluble
Tau in Bilaterally Seeded PS19 Mice

After demonstrating that CNS-11 does not cause obvious
toxicity in PS19 mice, we sought to determine whether CNS-
11G and CNS-11D can halt tau aggregation in seeded PS19
mice. To ensure the development of sufficient tau pathology in
both hemispheres of the brain, we stereotaxically seeded 15
two-month-old PS19 mice with tau-K18+ preformed fibrils in
the left hippocampus and the right hippocampus. Beginning 2
weeks after surgery, we administered CNS-11G or CNS-11D at
a dose of 1 mg/kg by tail vein injection to n = S mice and
vehicle (1X PBS with 10% DMSO) to n = S mice, once a week
for 8 weeks. We measured their weight before each
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administration (Figure 4A). One mouse in the vehicle group
was lost during the sixth week of treatment due to health
concerns unrelated to the study.

After 8 weeks of treatment, we euthanized the mice by
cardiac perfusion and collected brain tissue. We homogenized
the right hippocampi in RIPA buffer, separated the
homogenate into RIPA-soluble and RIPA-insoluble fractions,
and performed Western blot analysis of both fractions.
Treatment of PS19 mice with CNS-11D did not change levels
of tau in the soluble fraction compared to treatment with
vehicle (11.91 normalized intensity vs 10.96 normalized
intensity, Figures 4B,C, S11). However, treatment with CNS-
11D reduced levels of tau in the insoluble fraction compared to
treatment with vehicle (0.9057 normalized intensity vs 1.898
normalized intensity, Figures 4B,D, S11). Treatment of PS19
mice with CNS-11G did not change levels of tau in the soluble
fraction compared to treatment with vehicle (13.39 normalized
intensity vs 10.96 normalized intensity, Figures 4B,C, S11).
However, treatment with CNS-11G reduced levels of tau in the
insoluble fraction compared to treatment with vehicle (0.7619
normalized intensity vs 1.898 normalized intensity, Figures
4B,D, S11).

CNS-11D and CNS-11 Do Not Cause Obvious Toxicity in
PS19 Mice after 8 Weeks of Treatment

Additionally, we collected plasma and major organs, including
heart, lung, kidney, liver, and spleen. We measured plasma
AST levels to assess the liver function. Treatment with either
CNS-11D or CNS-11G did not change plasma AST levels,
indicating that they do not affect liver function (Figure 4E).
We performed hematoxylin and eosin (H&E) staining on
sections of the liver, heart, lung, spleen, and kidney. In the
livers of PS19 mice treated with the vehicle, we observed dark
discoloration in scattered nuclei, and in the livers of PS19 mice
treated with CNS-11D or CNS-11G, we observed dark
discoloration in rare nuclei and mild distention of sinusoids
(Figure 4F). However, we did not observe signs of liver injury
in any group, indicating that treatment with CNS-11D or
CNS-11G does not cause obvious toxicity to the liver beyond
that of the vehicle. We did not observe any degenerative
changes in the heart, lung, spleen, or kidney of wild-type or
PS19 mice treated with vehicle or CNS-11D or CNS-11G
(Figure S12). In addition, treatment with CNS-11D or CNS-
11G did not significantly lower body weight compared to
treatment with vehicle (Figure 4A). Together, these findings
indicate that CNS-11D and CNS-11G do not cause obvious
toxicity to PS19 mice at a dose that can reduce levels of
insoluble tau in vivo.

CNS-11D and CNS-11G Each Reduces Tau Pathology in
Bilaterally Seeded PS19 Mice

Finally, we fixed the left cerebral hemispheres from the PS19
mice treated with vehicle, CNS-11D, or CNS-11G. We
sectioned the tissue into 10 pum thick sections and stained
sections from the hippocampus with AT8 antibody for
phosphorylated tau at residues Ser202/Thr205 (Figures SA,
S13). We imaged at 10X magnification and quantified the
percentage of area stained in CAl and CA3 of the
hippocampus in each mouse. Treatment of PS19 mice with
CNS-11D did not reduce the percentage of area stained in
CAL of the hippocampus compared to treatment with vehicle
(0.1360% area compared to 0.3530% area, Figure SB).
However, CNS-11D did reduce the percentage of area stained
in CA3 of the hippocampus compared to treatment with

vehicle (0.1674% area compared to 0.9553% area, Figure SC).
Treatment of PS19 mice with CNS-11G did not reduce the
percentage of area stained in CAl of the hippocampus
compared to treatment with vehicle (0.1504% area compared
to 0.3530% area, Figure SB). However, CNS-11G did reduce
the percentage of area stained in CA3 of the hippocampus
compared to treatment with vehicle (0.2432% area compared
to 0.9553% area, Figure SC). Altogether, these results
demonstrate that CNS-11D and CNS-11G reduce tau
pathology in PS19 mice without causing obvious toxicity.

B DISCUSSION

Tau aggregation in patients is correlated with brain atrophy
and cognitive decline,*™° so it is a promising therapeutic target.
Currently, 32 tau-targeting therapeutics are in clinical trials.*
Of those 32 therapeutics, 18 are immunotherapies, and 12 are
small-molecule therapies. Most of these are in the early stages
of clinical trials, with the exception of one Phase 2/3 trial of
ACI-35, a vaccine that elicits an antibody response to tau,™
and multiple phase 3 trials of HMTM, a small molecule that
inhibits tau aggregation.”>™*” Tau-targeting immunotherapies
have failed or have so far shown only modest slowing of disease
progression in clinical trials. The current therapeutics approved
by the FDA need to be administered intravenously biweekly at
specialized infusion centers, and are very costly.”*”*" There-
fore, there is a need to explore small-molecule compounds as
an alternative avenue to treat AD. Small-molecule compounds
are generally orally available, increasing patient compliance and
reducing manufacture cost. Small molecules are also less likely
to trigger autoimmune response which can lead to adverse side
effects.”” Because of these advantages, small molecules
targeting all aspects of tau pathology, from truncation to
oligomerization, are being pursued.43’ * We decided to focus
on small-molecule tau-targeting therapeutics that disaggregate
already formed fibers.

Our class of small-molecule disaggregators provides a
different avenue of disease intervention compared to previous
small-molecule tau-targeting therapeutics, which are largely tau
aggregation inhibitors. HMTM, the only tau therapeutic that
has entered phase 3 trials, is a second-generation formulation
of methylene blue. HMTM, like methylene blue, has been
shown to inhibit recombinant tau fibrils,">*® and therefore has
been the frontrunner inhibitor of tau fibrils. However, HMTM
has demonstrated limited efficacy in Phase 3 clinical trials,*°
despite great bioavailability and behavioral rescue in multiple
mouse models.”” Despite these findings, HMTM is still
believed to have potential, as new research continues to
dissect its modes of action®”*® and push for more rigorous
clinical trials. In parallel, we decided to explore tau fibril
disaggregators instead of inhibitors. By directly isolating AD
tau fibrils, we directly observed the disaggregation of our target
ex vivo model. Then, we observed a corresponding
disaggregation in a mouse model by measuring a decrease in
insoluble tau content, which is one aspect the current tau
inhibitor drugs are lacking.” By discovering tau fibril
disaggregators as a complement to the promising current
research on tau fibril inhibitors, we can remove and prevent tau
aggregation at multiple stages and potentially extend the
therapeutic window from patients with mild cognitive
impairment to those further along in disease progression.

As previously described, CNS-11 emerged as an AD tau
fibril disaggregator in a pharmacophore guided screen based on
our structure of a pan-amyloid disaggregator, EGCG
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complexed with tau PHF.*® In the present study, we applied a
rigorous experimental procedure to identify additional tau fibril
disaggregators using ex vivo brain materials from human
patients. We screened four chemical analogs related to known
disaggregator CNS-11 and found three, CNS-11B, CNS-11D,
and CNS-11G, that reduced the number of AD brain-extracted
fibrils quantifiable by EM (Figure 1B,C). Because tau
aggregates spread across the brain through trans-synaptic
seeding, ° it is crucial for the Eroducts of amyloid
disaggregation to lack seeding ability.4 Therefore, we verified
that our disaggregators do not produce toxic, seed-competent,
soluble tau species by testing the seeding ability of
disaggregated products using the biosensor cell assay. Of the
chemical analogs of CNS-11, only CNS-11D and CNS-11G
reduce seeding in a tau aggregation cell culture model (Figure
ID). On further study, CNS-11, CNS-11D, and CNS-11G
each reduce seeding in biosensor cells in a dose-dependent
manner and do so at doses lower than that of their LD, in
N2a cells (Figure S3).

Aggregation of tau is a histological hallmark of AD and
other, rarer neurodegenerative diseases, including PiD, CBD,
and PSP. Recent studies have shown that tau fibrils from each
disease have distinct atomic structures.>” Furthermore, almost
all of the widely used recombinant tau constructs and mouse
models produce fibrils with different atomic structures.’”>*
Therefore, we assessed whether CNS-11, CNS-11D, and CNS-
11G halt seeding by tau fibrils with different structures from
post-mortem brain extract of patients with PiD, CBD, and PSP,
as well as recombinant tau-K18+ fibrils. CNS-11 halts seeding
from AD and PiD fibrils (Figure SSA), and CNS-11D and
CNS-11G each halt seeding from AD and recombinant tau-
K18+ fibrils (Figure SSB,C). In a previous study, we screened
CNS-11 and the ten chemical analogs for their ability to
disaggregate recombinant and patient derived a-synuclein
fibrils. We discovered that both CNS-11 and one of its analogs,
CNS-11G, disaggregate recombinant a-synuclein fibrils and
multiple system atrophy patient brain-extracted fibrils and
prevent seeding in an a-synuclein aggregation cell culture
model.”” Combined with results from the previous study, the
results of this study demonstrate CNS-11, CNS-11D, and
CNS-11G behave as multiamyloid disaggregators, with effects
on both tau and a-synuclein fibrils with different structures.

We also report the water solubility of CNS-11, CNS-11D,
and CNS-11G. CNS-11D and CNS-11G are soluble under
physiological aqueous conditions in the micromolar range,
while CNS-11 has a solubility below the limit of detection
(Figure S7). The limited solubility of all three compounds is
not surprising as these compounds all have physiochemical
properties that favor BBB penetrance. Compounds need to be
sufficiently lipophilic to cross the BBB,’*' and we
demonstrated our compounds are brain penetrant. However,
we acknowledge that poor water solubility limits in vivo and
cell testing as these experiments largely take place in an
aqueous setting. We plan to improve the solubility of our lead
compounds CNS-11D and CNS-11G through functional
group modification and addition of counterions.

Next, we assessed the brain penetrance of CNS-11, CNS-
11D, and CNS-11G. Compounds in the CNS-drug set are
predicted to have physiochemical properties that favor
entrance into the central nervous system through the BBB.”
We found that brain levels of CNS-11D after one-time
treatment were hi§her than those previously reported for CNS-
11 or CNS-11G” (Figure 2). Therefore, we administered

CNS-11D and CNS-11G weekly in PS19 mice for 8 weeks to
assess whether these compounds have an effect on tau
disaggregation. We found that 8 weeks of treatment with
either CNS-11D or CNS-11G reduced levels of insoluble tau
in the PS19 mouse model of tauopathy (Figure 4B—D).
Interestingly, we did not observe a corresponding increase in
the levels of tau in the soluble fraction (Figure 4C). It is
possible that baseline levels of soluble tau are too high in PS19
mice to observe any meaningful changes in the soluble fraction.
Furthermore, disaggregated tau may not simply be solubilized
by the CNS compounds but instead quickly turned over or
degraded by the lysosomal pathway or other clearance
mechanisms. In addition, we visualized reductions in the
CA3 region of AT8-stained brain sections from mice treated
with CNS-11D or CNS-11G (Figure SA—C). We did not
observe a reduction in tau pathology in the CA1 region (Figure
5B), possibly because the CAl region has a lower amount of
tau pathology than CA3, and our sample size was too small to
observe a statistically significant change. Finally, we observed
that CNS-11, CNS-11D, and CNS-11G do not cause obvious
toxicity in PS19 mice (Figures 4E,F, S12), demonstrating that
CNS-11D and CNS-11G can reduce tau aggregation at a
concentration not toxic to mice.

CNS-11D and CNS-11G reduced tau aggregation in PS19
mice, although single-dose concentrations were lower than the
therapeutic window of the micromolar range that we
discovered ex vivo. There are several reasons that could
account for the discrepancy. The AD-extracted fibrils that we
used are concentrated during the extraction process (equiv-
alent to 500 nM of tau-K18+), and the physiologic
concentration of tau fibrils is lower in mouse brain. In
addition, the water solubilities of these compounds as
measured by NMR are relatively poor. Therefore, the
concentration of small molecules we reported for the ex vivo
and in cell experiments could be overestimated, as we assume
complete solubility when calculating the concentrations of
small molecules. Second, we measured brain levels only after
single-dose administration, and CNS-11D and CNS-11G,
which are highly lipophilic, could have accumulated in the
brains of PS19 mice. Brain levels of CNS-11D after one-time
treatment were significantly higher than those previously
reported for CNS-11G, but the two molecules exerted similar
effects after 8 weeks of treatment, which supports the
hypothesis that these molecules accumulate in the brain over
time. Finally, in ex vivo experiments, AD-extracted fibrils were
only treated for 24 h, whereas the time the small molecules
remain in the brains of PS19 mice could be longer. These
factors could account for the apparent discrepancy in efficient
dose that we observed ex vivo and in vivo. Nonetheless, the
decrease in insoluble pathology that we see in PS19 mice is still
a promising sign of delayed or even reversed disease
progression. Multiple animal models for tauopathies and
other neurodegenerative diseases have linked amyloid
pathologic change to other facets of disease, such as
metabolism and general brain health.”*~*

A limitation to our study is that experiments were performed
on small groups of mice (n = S in each treatment group).
Although these group sizes were large enough to show
differences in levels of insoluble tau and phosphorylated tau
pathology, they were not large enough to show statistically
meaningful differences in behavior in the Barnes maze. Future
studies with larger sample sizes are necessary to draw
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conclusions about whether treatment with CNS-11, CNS-11D,
or CNS-11G can improve memory deficits in PS19 mice.

AD-derived patient fibrils have been shown to have a very
consistent PHF structure.”” By using an ex vivo model, we
directly measured the disaggregation of AD tau fibrils by our
small-molecule candidates and identified candidates that have
known disaggregation effects on the most relevant pathogenic
species. Once disaggregation abilities were fully established in
the ex vivo model, we progressed to assessing small-molecule
disaggregator candidates in the widely used PS19 in vivo
model. This study is the first in which we have extended our
small-molecule disaggregation characterization from an ex vivo
system to in vivo models. Overall, our work reveals two small
molecules, CNS-11D and CNS-11G that disaggregate ex vivo
AD tau fibrils, halt seeding in a cell culture model, and reduce
levels of insoluble tau and reduce tau pathology in the brains of
PS19 mice.

B METHODS

Extraction of Tau Fibrils from Patient Brain Tissue

Human autopsy samples were obtained by the UCLA Pathology
Department according to HHS regulations from patients consenting
to autopsy. Samples were provided to the researchers in this study as
anonymized tissues. For purification of fibrils from human post-
mortem brain tissue, extractions were performed according to the
previously published protocol®® without performing size exclusion
chromatography. The fibers are resuspended in 100 uL of 20 mM
Tris-HCI at pH 7.4 containing 100 mM NaCl per gram of tissue.

Transmission EM/Negative Stain Grid Preparation and
Fibril Counting

AD brain-extracted fibrils were incubated for 24 h at 37 °C with each
small molecule (or vehicle) in 1X PBS at varying concentrations of
small molecule and 500 nM of tau. Samples for TEM were prepared
by applying 2 uL of the sample on glow-discharged 400 mesh carbon-
coated Formvar support films mounted on copper grids (Ted Pella,
Inc.). The samples were allowed to adhere for 1 min and then stained
for 2 min with 4 uL of 2% uranyl acetate. The samples were then
washed with another 4 uL of uranyl acetate and allowed to dry for 15
min. Each grid was inspected using a T12 (FEI) electron microscope.
For each sample, three squares on the grid were randomly picked; and
for each square, 18—26 micrographs were randomly taken at a
magnification of 6,800X. So a total of 59—70 micrographs were
recorded for each sample. Fibrils were counted manually using a cell
counter.

Recombinant Tau-K18+ Expression and Purification

Recombinant tau-K18+ was expressed and purified as previously
described.®!

Biosensor Cell Seeding Assay

HEK293T cell lines stably e?ressing tau-K18 P301S-eYFP were
obtained from Marc Diamond'” and used without further character-
ization or authentication. Cells were maintained in DMEM (Life
Technologies, cat. no. 11965092) supplemented with 10% (v/v) FBS
(Life Technologies, cat. no. A3160401), 1% penicillin/streptomycin
(Life Technologies, cat. 15140122), and 1% Glutamax (Life
Technologies, cat. 35050061) at 37 °C, 5% CO, in a humidified
incubator. Brain-extracted fibrils were incubated at 4 °C for 24 h in
OptiMEM with each small molecule (or vehicle) at varying
concentrations of small molecule and 500 nM of tau. For seeding,
inhibitor-treated seeds were sonicated in a cup horn water bath for 5
min and then mixed with 1 volume of Lipofectamine 2000 (Life
Technologies, cat.11668019) prepared by diluting 1 L of Lipofect-
amine stock solution in 19 yL of OptiMEM. After 20 min, 10 yuL of
the mixture was added to 100 uL of tau biosensor cells, resulting in a
final concentration of 12.5 uM of small molecule. The number of
seeded aggregates was determined by imaging the entire well of a 96-

well plate in triplicate using a Celigo Image Cytometer (Nexcelom) in
the YFP channel. The number of aggregates in each image was
determined using an Image] 2.3.050 script, which subtracts the
background fluorescence from unseeded cells and then counts the
number of aggregates as peaks with fluorescence above the
background using the built-in particle analyzer. The number of
aggregates was normalized to the confluence of each well, and dose—
response plots were generated by calculating the average and standard
deviations from triplicate measurements.

ThT Fluorescence Assay

Aliquots of purified, recombinant tau K18+ were thawed and diluted
into PBS (pH 7.4) to a final concentration of 25 uM, in a solution
with 40 uM ThT, 225 pg/mL heparin (H3393, Sigma-Aldrich), and
10 mM dithiothreitol (DTT) in a black Nunc 96-well optical bottom
plate (Thermo Fisher Scientific). 10% DMSO (control), CNS-11, and
its analogs CNS-11D and CNS-11G were added to the tested wells to
make a final concentration of 1% DMSO, or 500 4uM CNS-11, CNS-
11D, or CNS-11G and 1% DMSO, in 200 uL of solution per well.
Kinetic fluorescence data were collected in a microplate reader
(FLUOstar Omega, BMG Labtech) at 37 °C with double orbital
shaking at 700 rpm. Fluorescence measurements were recorded every
6 min with excitation and emission wavelengths of 448 and 482 nm.
All samples were collected in triplicate.

Solubility Measurements

Internal standard was prepared by mixing 0.07 mg of dimethyl sulfone
(99 wt % purity, Aldrich) with 0.70 mL of D,O. Excess amount of the
analyte (CNS-11, CNS-11D, or CNS-11G) was measured, and the
internal standard in D,O was added to the analyte. The solutions were
then incubated at SO °C for 60 min to ensure complete saturation of
the analyte. The quantitative 'H NMR spectra were then obtained by
using standard 'H NMR protocols. Solubility was determined
according to the calculations described below.

mg_, X MW,y X molar ratio
MW,,; X 0.7mL

Ipa
anpd

Istd
nHgq
Animal Studies

P301S transgenic mice (Prnp-MAPT*P301S PS19Vle/J, JAX stock
#008169, the Jackson Laboratory, Bar Harbor, ME) and B6C3F1/]
mice (JAX stock #100010, the Jackson Laboratory) were housed in
groups of up to four in individually ventilated cages under standard
conditions (22 °C, 12 h light—dark cycle) receiving food and water ad
libitum. All animal experiments were performed in accordance with
the National Institutes of Health regulations, approved by UCLA
Animal Research Committee and performed under oversight of the
Division of Laboratory Animal Medicine.

S =

molar ratio =

Stereotaxic Seeding of Mice with Recombinant Tau-K18+
Fibrils

For in vivo studies of CNS-11, 10 two-month-old, male PS19 mice
were stereotaxically injected with 1.5 uL of recombinant tau-K18+
preformed fibrils (S pg/uL) in the right hippocampus (A/P, —2.S mm
from bregma; M/L, +2.0 mm; D/V, —1.4 mm) and right frontal
cortex (A/P, +2.0 mm; M/L, +2.0 mm; D/V, —1.7 mm), as
previously described.” In addition, 4 wild-type, age-matched
B6C3F1/] mice were stereotaxically injected with vehicle (1x PBS)
at the same coordinates to serve as controls. For in vivo studies of
CNS-11D and CNS-11G, 15 two-month-old, male PS19 mice were
stereotaxically injected bilaterally with 3 yL of recombinant tau-K18+
preformed fibrils (S pg/uL) in the left hippocampus (A/P, —2.0 mm
from bregma; M/L, —2.0 mm; D/V, —1.4 mm and —1.7 mm, 1.5 L
per depth) and the right hippocampus (A/P, —2.0 mm from bregma;
M/L, +2.0 mm; D/V, —1.4 mm and —1.7 mm, 1.5 uL per depth).
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Treatment of Mice with CNS-11, CNS-11D, or CNS-11G

For in vivo studies of CNS-11, the 10 PS19 mice were divided into
two groups (n = S per group). Beginning 4 weeks after surgery, each
group was intravenously administered with CNS-11 at a dose of 1
mg/kg by tail vein or with vehicle (1x PBS with 10% DMSO), every
week for 8 weeks. The weight of each mouse was recorded weekly.
The 4 wild-type, age-matched B6C3F1/] mice were intravenously
administered with vehicle to serve as a control. For in vivo studies of
CNS-11D and CNS-11G, the 15 PS19 mice were divided into two
groups (n = S per group). Beginning 2 weeks after surgery, each group
was intravenously administered with CNS-11D or CNS-11G at a dose
of 1 mg/kg by tail vein, or with vehicle (1x PBS with 10% DMSO),
every week for 8 weeks. The weight of each mouse was recorded
weekly.

Barnes Maze

The maze consisted of a circular platform with 20 holes around the
periphery, with an escape box attached to the bottom of one of the
holes and shallow boxes attached to the bottom of the other holes.
Bright light and white noise were used to motivate mice to find and
enter the escape box. Visual extramaze cues were present on three
walls of the room. For all trials, mice were placed individually in a
cylindrical start chamber in the center of the maze for 30 s, which was
then lifted to start the test. During an adaptation period, mice were
guided to the escape tunnel and allowed to stay there for 30 s. During
a spatial acquisition period, a total of 10 acquisition trials (two trials
per day with an intertrial interval of 15 min) were performed; mice
were allowed to explore the maze freely for 2 min. Each trial ended
when the mouse entered the escape tunnel or after 2 min had elapsed.
Mice that did not find the tunnel were guided to it. All mice were
allowed to remain in the tunnel for 30 s. During the probe trial
conducted 1 day after the last training trial, the escape tunnel was
replaced by a shallow box and mice were allowed to explore the maze
for 90 s. Animals’ performances were monitored using Any-Maze
Video Tracking System (Stoelting Co., Wood Dale, IL), which
provided data for the acquisition parameter (latency to find the
platform) and the probe trial parameters (latency to find the platform,
number of entries in the target platform zone of the platform).

Euthanasia of Mice

Mice were sacrificed by overdose with pentobarbital, followed by
transcardial perfusion with perfusion buffer (1X PBS with sodium
vanadate, leupeptin, aprotinin, pepstatin, sodium pyrophosphate,
sodium fluoride, and PMSF). For in vivo studies of CNS-11, the brain
was removed and immediately frozen in liquid nitrogen and stored at
—80 °C until used. For in vivo studies of CNS-11D and CNS-11G,
the right hemisphere of the brain was removed and immediately
frozen in liquid nitrogen and stored at —80 °C until used. The left
hemisphere of the brain was removed and underwent three nights
postfixation in neutral buffered formalin (Thermo Fisher Scientific),
transferred to 70% EtOH, and processed and embedded in paraffin.

Western Blot Analyses

PBS-perfused unfixed brains were used for biochemical analysis by
dissecting the hippocampi separately. Before analysis, the brain
samples were sonicated in RIPA buffer (4 vol/g) [SO mM tris, 150
mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, S mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1% protease inhibitor
mixture, and 0.5% phosphatase inhibitor (pH 8.0)] and centrifuged at
100,000g for 30 min at 4 °C. The supernatants were saved as RIPA-
soluble fractions, whereas the RIPA-insoluble pellets were washed
with 1 M sucrose in RIPA buffer to remove myelin and associated
lipids and centrifuged at 100,000g for 30 min at 4 °C. The RIPA-
insoluble pellets were then extracted in tissue (1 vol/g) with 2% SDS
buffer [SO mM Tris-HCl (pH 7.6)]. The protein contents of the
samples were measured using a BCA Protein Assay Kit (Pierce, Bonn,
Germany) and diluted to the same concentration (500 pg/mL).
Soluble and insoluble fractions were analyzed by SDS-PAGE, followed
by Western blotting using an antitau antibody (1:5000; A0024,
Dako). f-Actin was used as a loading control (1:2000; sc-47778,

Santa Cruz Biotechnology). Bands were quantified by using Image]
software.

Determination of Blood AST Levels as an Index of Hepatic
Toxicity

Blood samples were obtained by cardiac puncture and centrifuged at
2000g for 20 min to separate the serum for collection. Activity of AST
was assayed using Mouse AST enzyme-linked immunosorbent assay
kits (Abcam, ab263882) according to the manufacturer’s protocols.

Hematoxylin and Eosin Staining

Major organs including heart, liver, spleen, lung, and kidney (n = 2)
were fixed in 4% buffered formalin saline (Sigma-Aldrich) at 4 °C
overnight and then embedded in paraffin blocks. Tissue sections of 5
um thickness were stained with hematoxylin and eosin (H&E). The
morphology of the tissue was observed under a light microscope
(Leica) at 20X magnification.

Immunohistochemistry

The brain tissues were embedded in paraffin and sectioned at a 10 ym
thickness. Following deparaffinization, rehydration, heat-induced
antigen retrieval in citrate buffer (pH 6.0), and blocking of
endogenous peroxidase activity by 3% hydrogen peroxide, the
sections were incubated with the antitau (1:500; AT8, monoclonal,
mouse, Innogenetics) at 4 °C overnight. On the second day, followed
by being washed three times in TBST, 5 min each, the sections were
incubated in biotinylated antimouse secondary antibody (1:1000) in
1.5% normal serum with 3% bovine serum albumin/tris-buffered
saline for 1 h at 37 °C. Immunolabeling was detected using the
avidin—biotinylated HRP complex method (Elite Kit, Vector, USA)
and was visualized with diaminobenzidine (Wako, Japan). Last, the
sections were mounted onto coverslips using DPX mounting media
(Thermo Fisher Scientific). The images were collected at 10X
magnification with a digital MC170 S MPixel Leica camera on a
Nikon Eclipse E800 M microscope. Image processing and analysis
were performed with Image] software. Macros were developed for
each staining to attain a reproducible semiautomated quantification.
The image files were converted to an eight-bit grayscale. A uniform
threshold value of S0 (using the dark background option) was then
applied before performing the “analyze particles” task to determine
the percent of area covered by the positive signal.
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in PS19 mice; eight weeks of treatment with CNS-11D
or CNS-11G causing no obvious toxicity in PS19 mice;
and CNS-11D and CNS-11G each reducing phosphory-
lated tau in the hippocampus of PS19 mice (PDF)
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