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Abstract

The hallmark pathologies of the Alzheimer’s disease (AD) brain are AB-containing senile plaques
and neurofibrillary tangles formed from the microtubule (MT)-binding tau protein. Tau becomes
hyperphosphorylated and disengages from MTs in AD, with evidence of resulting MT structure/
function defects. Brain-penetrant MT-stabilizing compounds can normalize MTs and axonal
transport in mouse models with tau pathology, thereby reducing neuron loss and decreasing tau
pathology. MT dysfunction is also observed in dystrophic axons adjacent to AP plaques, resulting
in accumulation of amyloid precursor protein (APP) and BACE1 with the potential for enhanced
localized Ap generation. We have examined whether the brain-penetrant MT-stabilizing
compound, CNDR-51657, might decrease plaque-associated axonal dystrophy and Ap release in
5XFAD mice that develop an abundance of A plaques. Administration of CNDR-51657 to 1.5-
month old male and female 5XFAD mice for 4- or 7-weeks led to decreased soluble brain Ap that
coincided with reduced APP and BACEL levels, resulting in decreased formation of insoluble AB
deposits. These data suggest a vicious cycle whereby initial AR plaque formation causes MT
disruption in nearby axons, resulting in the local accumulation of APP and BACEL that facilitates
additional AP generation and plaque deposition. The ability of a MT-stabilizing compound to
attenuate this cycle, and also reduce deficits resulting from reduced tau binding to MTs, suggests
that molecules of this type hold promise as potential AD therapeutics.

. Narrative

Contextual Background

Alzheimer’s disease (AD) brain is characterized by the presence of extracellular senile
plaques composed of amyloid B (AB) peptides, and intracellular inclusions formed from tau
protein that are commonly referred to as neurofibrillary tangles (NFTs) [1, 2]. Plaque-
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forming AP peptides are generated after proteolytic cleavage of APP by B-site APP cleaving
enzyme (BACE) and -y-secretase [3]. Mutations in APP and in the presenilin (PS) proteins
that comprise the enzymatic activity within the y-secretase complex cause familial forms of
AD [4, 5], and the finding of disease-causing mutations in genes linked to Ap production led
to the “amyloid cascade” hypothesis [6, 7], which postulates that Ap plaques initiate a series
of events leading to the neuron loss and cognitive deficits in AD. In this regard, senile
plaques may contribute to AD neurodegeneration by facilitating the spread of brain tau
pathology from its initial sites in the entorhinal cortex/hippocampus into neocortical regions
[8]. Notably, the extent of tau pathology, but not senile plaque burden, correlates with AD
cognitive status [9-12], consistent with tau pathology causing neurodegeneration in AD.

The molecular mechanism(s) by which senile plaques might enhance tau pathology is
largely unknown. Tau is normally a microtubule (MT)-associated protein that appears to
provide stability to the distal labile regions of axonal MTs [13, 14] while also blocking MT
severing [15-17]. MTs play a critical role in neurons, as they are the conduits upon which
cellular constituents are trafficked along axonal extensions via the process of axonal
transport. Tau becomes hyperphosphorylated in AD, which promotes its disengagement
from MTs [18-20] and is thought to increase MT dynamicity [21-24] and perhaps MT
cleavage [17], with resulting impairment of axonal transport [22, 25]. Reduced tau binding
to MTs may also affect the interaction of the molecule motors involved in axonal transport
[26, 27]. Impairments of MT structure have been documented in AD brain [23, 24] and have
also been demonstrated, along with impaired axonal transport, in transgenic (Tg) mouse
models with tau pathology [21, 25, 28]. Increased levels of unbound hyperphosphorylated
tau are also likely to promote the formation of the tau inclusions [29, 30] that correlate with
AD symptomology. Thus, both loss of the MT-regulating functions of tau, as well as the
formation of insoluble tau deposits, may contribute to the neuron loss observed in AD and
related tauopathies, such as Pick’s disease, progressive supranuclear palsy and corticobasal
degeneration [31].

Interestingly, MT deficits are not only found in models of tau pathology but are also
observed in the swollen (dystrophic) neuronal processes that are in proximity to senile
plaques in AD and Tg mouse models [32—34]. These plaque-associated MT abnormalities
have been suggested to cause local impairment of axonal transport that accounts for the
observed peri-plaque accumulation of APP, BACEL, and other proteins [32]. A recent study
revealed that tau also accumulates in these dystrophic processes, and this localized tau pool
can be converted to insoluble tau inclusions referred to as neuritic plaque tau in Tg mice
harboring senile plaques [35]. Thus, plaque-associated neuronal processes are a site where
tau pathology can form in proximity to Ap deposits, representing a confluence of the
hallmark AD pathologies that may provide insights into how senile plaques contribute to the
cortical spread of tau pathology. Importantly, it appears that MT dysregulation is a key
consequence of both AP and tau pathologies in AD, providing a potential unifying
mechanistic target to slow AD progression.

The evidence of altered axonal MT structure/function in AD has led to the investigation of
brain-penetrant MT-stabilizing compounds as potential AD therapeutics. A number of
known MT-stabilizing natural products, including paclitaxel [25], epothilone D [21, 22, 28]
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and dictyostatin [36], proved to be beneficial in Tg mouse models with tau pathology.
Importantly, these molecules increased MT density and normalized MT dynamics, with a
corresponding improvement of axonal transport and reduction in tau pathology, synapse
loss, and neuronal death. More recently, a non-natural product compound referred to as
CNDR-51657 (hereafter 51657) [37], which stabilizes MTs by binding to a different site
than the aforementioned natural products [38], conferred similar benefits in tau Tg mice
[39]. As senile plague-associated dystrophic axons have also been shown to have MT
abnormalities [32, 34], we hypothesized that normalization of MT structure/function in these
swollen processes with a previously characterized MT-stabilizing compound might improve
regional axonal transport and slow the focal accumulation of cellular proteins such as APP
and BACEL, thereby reducing AP generation. Here, we have tested this hypothesis by
examining the effects of 51657-treatment in the 5XFAD mouse model of robust senile
plaque formation [40].

Study Conclusions and Disease Implications

Our results indicate that treatment of young 1.5-month old 5XFAD mice with the MT-
stabilizing compound, 51657, for either 4- or 7-weeks leads to a meaningful reduction of Ap
release and senile plaque deposition in 5XFAD mice via a lowering of APP and BACE1
protein levels. This appears to result from an improvement in MT structure/function in
plaque-associated dystrophic axons. Thus, the disruption of MTs in these axons appears to
initiate a cascade that leads to more fulminant AB deposition and further axonal dystrophy,
and this cascade can be slowed by treatment with a MT-stabilizing agent such as 51657.
Greater reductions of soluble and insoluble A were observed in male than in female
5XFAD mice treated with 51657, likely due to the inherently higher APP expression and
greater AB production in female than male 5XFAD mice [40, 41].

The study results further emphasize that MT abnormalities appear to be a key feature of AD,
as well as other neurodegenerative diseases [31]. Importantly, small molecule MT-stabilizing
agents such as 51657 can reduce AD-like pathology and confer neuronal benefits in mouse
models with only tau pathology [21, 22, 28, 36, 39] or in mice with only AB pathology, as
demonstrated here. MT-stabilizing compounds are thus unique in being able to
independently affect the two key pathologies found in AD brain. Although the overall
reduction of soluble and insoluble Ap in 5XFAD mice treated with 51657 was relatively
modest (20-30%), these mice are among the most aggressive Ap plague mouse models,
producing an abundance of AB42 at early age [40].

As with all studies that employ transgenic mouse models of AD, it is important to recognize
the potential shortcomings and limitations of the model when attempting to translate
findings to human AD. In this regard, there would be merit in examining a well-
characterized brain-penetrant MT-stabilizing molecule in additional A plague mouse
models, particularly in those that show a slower rate of senile plaque accumulation as it is
possible that a MT-stabilizing compound might provide even greater benefit in such mice. In
fact, a greater reduction of Ap release and senile plague deposition might be seen upon
treatment of early-stage AD patients with a MT-stabilizing agent than was observed in
young 5XFAD mice since plaques accumulate over the course of many years in the human
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disease. It is also prudent to recognize the limitations of the tau Tg mouse models in which
MT-stabilizing compound have proven quite efficacious. These models generally depend on
the overexpression of mutated tau, and neither tau mutations or tau overexpression are
characteristics of AD. Thus, the observed MT deficits in these models may not fully mimic
those that have been reported in AD brain [23, 24]. Similarly, tau knockout mice do not
show gross changes in MT structure that would be predicted from loss of tau function,
although CNS deficits and compensatory changes in other MT-associated proteins have been
noted [42]. Thus, it is possible that that MT abnormalities in tau Tg mouse models or in AD
are not simply the result of tau loss-of-function, but perhaps are also due to effects stemming
from the formation of tau inclusions. Regardless of mechanism, the observation of MT
deficits in AD suggests that MT-stabilizing molecules might provide therapeutic benefit.

The prior findings in tau Tg mice have led to MT-stabilizing compounds being considered as
therapeutic candidates for AD. A short 9-week phase 1b trial was conducted in which AD
patients received low doses of the natural product MT-stabilizing agent, epothilone D
(BMS-241027; clinicaltrials.gov identifier NCT01492374). No adverse events were noted in
this small study, although improvements were not observed in cerebrospinal fluid disease
biomarkers or in MRI brain volumes [43]. Although this might lead one to surmise that this
therapeutic strategy was unsuccessful, the absence of biomarker improvement is frankly
unsurprising given that the trial was not powered for these endpoints and because the study
duration was a fraction of the typical 18-24 month AD disease modification trial. More
recently, AD patients that received the taxane, TPI-287, in a Phase 1b trial were reported to
show a significant improvement in MMSE score relative to the placebo group after 12 weeks
of dosing (www.corticebiosciences.com; 11/03/17 press release). Although this report is
encouraging, the short trial duration and small patient cohorts again limit the conclusions
that can be drawn from this study, and thus the clinical potential of MT-stabilizing drugs for
AD has not been fully explored. Accordingly, there would seem to be considerable merit in
further investigating the potential of brain-penetrant MT-stabilizing drugs in AD.

There are clearly challenges to utilizing drugs of this type for the treatment of AD or other
neurodegenerative conditions. One concern is safety, as MT-stabilizing drugs are effective
anti-cancer agents due to their ability to promote cell death through alteration of MT-rich
mitotic spindles during cancer cell division. However, our prior studies with epothiline D
revealed that doses that were ~1/100t" those used in cancer trials effectively normalized MT
structure and function in the brains of tau Tg mice [28]. Moreover, these low doses of
epothilone D did not lead to changes in blood cell counts, including neutrophils [28], which
is a leading side-effect when MT-stabilizing drugs are used in oncology settings [44, 45].
Similarly, the doses of 51657 that led to improvements in tau Tg mice, and here in Tg AB
plaque mice, did not affect neutrophil or other blood cell counts [39]. Finally, the doses of
epothilone D used in the short Phase 1b trial, which were similar to those used in Tg mouse
studies when scaled for species, did not result in adverse events [43]. The fact that much
lower doses of MT-stabilizing compounds are needed to improve brain outcomes in mouse
models with AD pathology than are required to affect cell division indicates that the brain
MT abnormalities can be “repaired” with lower concentrations of compound than are
required to affect cellular mitosis.
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Another challenge to the clinical development of MT-stabilizing drugs for AD and related
diseases is the absence of a readily assessed marker of target engagement that can be utilized
to assist in determining proper drug dosage in patients. Although this situation is not unique
to this drug class, it does increase the clinical development risk. The recent development of
tau PET ligands that can be used to monitor tau pathological burden [46, 47] provides one
potential study endpoint for MT-stabilizing compounds, which have been shown to reduce
tau pathology in mouse models. However, improvements based on tau PET imaging are
likely to occur over many months and thus limit this methodology as a dosing biomarker. At
this time, evaluation of cerebrospinal fluid drug levels to ensure that CNS exposures to MT-
stabilizing candidates are consistent with those shown to be efficacious in mouse AD models
may have to suffice for human dose estimation, although there would clearly be benefit in
identifying a direct or indirect acute biomarker of MT stabilization or axonal transport.
Notwithstanding these challenges, the ability of compounds such as 51657 to attenuate the
consequences of both Ap and tau pathology suggest that MT-stabilizing molecules merit
further consideration as potential AD therapeutic candidates.

2. Consolidated Results and Study Design

In an initial study, young 1.5-month old 5XFAD mice that have not yet developed Ap plaque
accumulations [40] were treated with 51657 twice-weekly at 3 mg/kg [39] or with vehicle (4
males and 4 females in each treatment group), for a total of 7 weeks, after which fixed brain
sections from one hemisphere of each study mouse were stained for detection of A plaques,
APP-positive plaque-associated dystrophic axons, and/or p3-tubulin-positive MTs. Tissue
from the other hemisphere from each mouse was used for additional biochemical analyses.
An evaluation of cortical plaque burden in two different brain regions (bregmas —1.96 and
0.2) revealed a significant reduction in AB deposits in male mice treated with 51657
compared to those that received vehicle only. A comparable decrease in cortical plaque
staining was not observed in 51657-treated female 5XFAD mice. Notably, there was a highly
significant correlation between the cortical Ap plaque burden and plaque-associated APP-
positive dystrophic axon staining, such that mice with less plaques had less axonal
dystrophy. A similar trend was observed upon examination of a brain region (bregma —-3.08)
that contains the hippocampus and subiculum, with the latter being a site of early and robust
plaque formation in 5XFAD mice. Male mice that were treated with 51657 again showed
decreased Ap-positive plaques, and interestingly, they also had less MT disruption, as
revealed by an attenuation in plaque-associated MT “voids” that could be visualized after
staining with B3-tubulin antibody.

The findings obtained upon immunofluorescence evaluation of the 5XFAD mouse brains led
to a more quantitative evaluation of A plaques through an assessment of insoluble A
peptide levels in homogenate samples prepared from the entire cortex and hippocampus/
subiculum from one hemisphere of each study mice. These analyses focused on the longer
ABA42 peptide, which is produced at vastly higher levels than AB40 in young 5XFAD mice
due to these mice harboring multiple mutations in the APP and PS1 genes that results in
AP42 over-production [40]. The biochemical measurements revealed an overall significant
28% decrease of insoluble AB42 in the combined cortical and hippocampal homogenates in
the 51657-treated 5XFAD mice group (males and females combined). As seen by
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immunofluorescence imaging, male 5XFAD mice had a greater decrease of insoluble Ap42
upon 51657-treatment than did females, although a trend toward decreased insoluble A was
seen in female 5XFAD mice upon sampling of the entire cortical and hippocampal regions.
An evaluation of soluble AB42 levels from the brain homogenates revealed a significant
decrease in the 51657-treated 5XFAD mice (males and females combined), with the
magnitude of change being similar to that observed for insoluble Ap42 with a greater
reduction of soluble Ap42 in male (34%) than in female (10%) mice. There was a highly
significant correlation between the relative levels of soluble and insoluble Ap42 for each
study mouse, suggesting that the extent of plaque deposition was directly related to soluble
AP42 levels. The overall insoluble and soluble Ap42 levels were higher in the female
5XFAD mice than in their male counterparts, consistent with prior observations [40, 41].
This sex-dependent difference in A generation likely explains why 51657-treatment was
less effective in reducing Ap42 levels in female than male mice. Nonetheless, the >20%
reduction of soluble Ap42 levels after 51657 treatment implies that plaque-associated
dystrophic axons account for an appreciable amount of the Ap42 production in 5XFAD
mice, even though these mice produce an abundance of AB42 through transgene
overexpression of mutated APP and PS1.

To further confirm the finding of reduced Ap levels in 5XFAD mice treated with 51657,
another study was conducted in which 1.5-month old male and female 5XFAD mice were
treated with vehicle or 51657 for 4 weeks. This shorter study duration allowed for an
examination of changes in Ap levels during an earlier stage of SP deposition, with plaques
in 2.5-month old 5XFAD mice being largely confined to the subiculum. Again, a significant
reduction of soluble Ap42 was observed in combined hippocampal and cortical
homogenates in the 5XFAD mice treated with 51657. As in the prior study, the extent of
compound-mediated lowering of soluble AB was again greater in male (42%) than in female
(23%) 5XFAD mice, although both sexes showed a greater decrease of soluble AB42 than
was observed in the older mice that were dosed for 7 weeks. The measurable reduction of
soluble Ap in the 5XFAD mice treated with the MT-stabilizing agent suggested that a
decrease should also be observed in carboxyl-terminal APP fragments generated by BACE1
cleavage of APP. This was confirmed in immunoblots of cortical homogenates from the
5XFAD mice, where there was a significant reduction of the APP fragments generated both
by BACEL and a-secretase cleavage in 51657-treated mice. The lowering of both BACE1
and a-secretase APP cleavage products after 51657-treatment indicated that there was an
overall decrease of APP processing, perhaps due to decreased APP accumulation.
Immunoblot analyses of APP holoprotein confirmed that there was a significant decrease in
the 5XFAD mice receiving the MT-stabilizing compound, with male mice again showing a
somewhat greater reduction than females. A similar reduction of BACE1 was observed in
the 51657-treated 5XFAD mice, consistent with a reduction of protein accumulation within
dystrophic processes due to improved MT-dependent transport.
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3. Detailed Methods and Results

Methods

51657 Synthesis—The synthesis of 51657 was conducted at the 0.5 g scale following
procedures described previously [37, 39], with the purity and spectroscopic properties being
identical to those previously reported.

5XFAD Mouse Studies—5XFAD mice harboring transgenes for human APP and PS1
with a total of five mutations found in familial AD [40] were the kind gift of Dr. Robert
Vassar, and are commercially available from Jackson Laboratories (B6SJL-
g(APPSwWFILon,PSEN1*M146L*L286V)6799Vas/Mmjax). All methods utilizing these mice
were first submitted and approved by the University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC). The 5XFAD mice were utilized to evaluate the effect of
the MT-stabilizing compound, 51657, on AR plaque-associated axonal dystrophy and AB
biogenesis. Two studies were conducted in which 1.5-month old 5XFAD mice (groups of 4
males and 4 females) were dosed twice-weekly (3 mg/kg, i.p.) with 51657. A 51657 stock
solution was prepared in DMSO, and this was diluted to 9% DMSO/91% corn oil and
administered at 2 pl/g body weight to achieve the desired dose. An additional group of
5XFAD mice received twice-weekly injections of vehicle only. In one study, the mice were
doses for a total of 4 weeks (to 2.5-months of age), whereas in another study dosing
continued for 7 weeks (to 3.3-months of age). All mice were monitored for signs of
abnormal behavior or distress, and were weighed weekly to monitor body weight. No
behavioral abnormalities were observed and body weight gain was similar in the vehicle-
and 51657-treated mice. Study mice were perfused with PBS (20 ml) after being deeply
anesthetized using a protocol approved by the University of Pennsylvania IACUC. Brains
were collected from all study mice, with one hemisphere processed for
immunohistochemistry as previously described [22, 28]. The cortex and hippocampus,
including subiculum, were manually dissected from the other brain hemisphere for use in
biochemical analyses prior to freezing. The midbrain of each mouse was retained for APP
MRNA analysis.

Immunofluorescence Analyses of 5XFAD Brain Sections—Paraffin-embedded
sections of brain hemispheres (6 um) from bregma —3.08, —1.96 and 0.2 were prepared from
each study mouse essentially as previously described [28, 39] and stained to visualize A
plaques, APP-positive dystrophic processes and/or areas of MT voids, utilizing the following
antibodies and dyes:

AB: NAB228 monoclonal antibody (mouse anti-AB1-11; in-house [48]) or X34 dye
[49].

APP: 22C11 mouse monoclonal antibody (APP N-terminus; Millipore, Inc.).
MT: TUJ1 (BllI-tubulin mouse monoclonal antibody; Biolegend, Inc.).

Bound primary antibodies were detected with one of the following secondary antibodies:
Goat anti-mouse 1gG2a conjugated with Alexa Fluor 647 (ThermoFisher).

Goat anti-mouse 1gG1 conjugated with Alexa Fluor 488 (ThermoFisher)

Alzheimers Dement. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yao et al.

Page 8

Goat anti-mouse 1gG1 conjugated with Alexa Fluor 568 (Millipore)

Immunostained sections from all study mice were masked to treatment identification and
were imaged using a 10x microscopic objective. Cortical APP-positive dystrophic processes
were manually annotated to avoid confounding signal found in neuronal soma. The curated
area for APP was then transferred onto the NAB228 channel to quantify NAB228-positive
SP signal, with exclusion of NASB228-positive neuronal soma. All images were quantified
using Image J software, with the area and average optical density (OD) obtained and results
reported as NAB228 or APP area x OD divided by the total area of the measured image. A
similar process of manual APP annotation followed by overly onto the X34 channel was
used to identify X34-positive SPs, with quantification of X34 area x OD divided by the total
area of the measured image.

ELISA Quantification of AB42—Frozen whole cortical and hippocampal brain samples
from a hemisphere of each study mouse were each homogenized in RAB high-salt buffer
(0.1 M MES, pH 7.0, 1 mM EGTA, 0.5 M MgS04, 0.75 M NaCl and 0.02 M NaF), with 0.5
ml used for cortical samples and 0.15 ml for hippocampal samples, followed by repeated
sonication on ice. A portion of the cortical lysate (0.3 ml) was frozen for later immunoblot
analyses, and the remainder of the cortical homogenate and hippocampal homogenates were
centrifuged at 100,000 x g for 30 min at 49C. The supernatant was collected as the high-salt
fraction, and the pellet was resuspended in 0.1 ml of RAB high-salt buffer and re-
centrifuged as above, with the resulting supernatant added to the first high-salt sample. This
process was repeated again, to yield the complete high-salt fraction. The pellet remaining
after the three RAB high-salt homogenizations were treated with 0.2 ml of RIPA buffer (50
mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% Na deoxycholate, 1% NP-40 and 0.1%
SDS). The pellet was sonicated, and then centrifuged as above. The supernatant was
removed, and the pellet was treated with 0.1 ml of 70% formic acid followed by sonication
to solubilize plaque AB. These samples were centrifuged as above, and the supernatant
retained as the formic acid fraction. Total proteins levels were determined in all of the high-
salt samples by BCA analysis. AB42 levels were assessed in the high-salt and formic acid
fractions using a specific ELISA as previously described [50, 51]. Dilutions of the high-salt
and formic acid samples were made to ensure that resulting Ap42 measurements were
within the linear range of the Ap42 standard curve. Ap42 levels were normalized to the
amount of total protein within the high-salt fraction. For the formic acid samples, the
samples were normalized to the corresponding protein amount in the high-salt fraction based
on the fraction of formic acid sample used in the Ap42 ELISA. To determine the combined
cortical and hippocampal/subiculum AB42 values, the total cortical and hippocampal protein
amounts were first determined from the high-salt fractions (total homogenate volume
multiplied by protein concentration). The total protein fraction attributable to the cortex and
hippocampus if the samples were to be combined was determined (typically ~60-65%
cortical and 35-40% hippocampal/subiculum). These fractional values were then multiplied
by the cortical and hippocampal/subiculum AR values to yield the weighted values, which
were summed to yield the combined cortical and hippocampal/subiculum Ap values.
Typically, these values were normalized to the mean of the vehicle group for each sex to
eliminate known differences in Ap levels between males and females.
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Immunoblot Assessments of APP, BACE1 and APP C-terminal Fragments—
Cortical RAB high-salt homogenates that had been retained prior to centrifugation as
described above were utilized for immunoblot analyses of APP holoprotein, BACE1 and
APP carboxy-terminal C99/C89 and C83 fragments. 0.1 ml of cortical homogenates were
treated with 25 ul of 10% SDS to solubilize membrane proteins, followed by centrifugation
at 100,000 x g for 20 min at 49C. The supernatant was collected, and the pellet was re-
extracted with 0.1 ml of 10% SDS in water. After centrifugation, this supernatant was
combined with the first supernatant sample, and the total protein determined by BCA. A
total of 30 pg of protein from each study mouse underwent SDS-PAGE (4-12% gradient
gels), followed by blotting to nitrocellulose membranes as previously described [50]. Intact
APP holoprotein and carboxy-terminal APP fragments were detected using the carboxy-
terminal APP monoclonal antibody 5685 [48], as previously described [50]. BACE1 was
also detected (Abcam), and GAPDH (Advanced Immunochemical) was used as a loading
control. Secondary antibodies and imaging were essentially as described [50], using the
Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). All APP, APP fragments and
BACE1 integrated signals were normalized to GAPDH integrated signal for each sample.
The quantification was conducted by an individual masked to the blot lane assignments.

APP mRNA Analysis—Frozen midbrain samples (~30 mg) from male 5XFAD mice
treated with vehicle or 51657 were homogenized in 0.6 ml of lysis buffer (RLT buffer
containing 1% B-mercaptoethanol; Qiagen RNeasy mini-kit). Total RNA was subsequently
isolated using the protocol specified by the manufacturer (Qiagene RNeasy mini-kit).
Human APP and mouse GAPDH mRNA were analyzed by qPCR using previously
described primers and quantification methods [50].

Statistical Analyses—The statistical methods utilized for each graph, including replicate
numbers and statistical details, are noted in the figure legends. All statistical analyses were
conducted with GraphPad Prism software. Briefly, vehicle- and 51657-treated 5XFAD mice
were compared by unpaired 2-tailed t-test, with error bars on all graphs representing SEM.
Correlation plots underwent linear fit analyses to obtain r2 and p-values, with dashed lines
representing the 95% confidence intervals.

5XFAD mice develop an abundance of senile plaques in the cortex, hippocampus/subiculum
and some midbrain regions as a result of overexpression of human APP and PS1 that harbor
a total of 5 mutations linked to early-onset AD [40]. Neuronal processes, particularly axons,
in proximity to plaques in 5XFAD mice are swollen and show accumulations of several
neuronal proteins [32, 34], replicating what is observed in human AD brain [32, 52, 53].
Notably, there is focal MT disruption in these axons that may be the cause of the
accumulated cellular proteins [32], including APP and BACEL, and it has been suggested
that these dystrophic axons are a site of A production [32, 33]. This led us to investigate
whether 51657 [37, 39] might reduce AP plaque-associated MT deficits in 5XFAD mice,
with a resulting decrease in plaque biogenesis and associated axonal dystrophy.
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Young 1.5-month old 5XFAD mice that have not yet developed appreciable Ap plaque
accumulations [40] were treated with 51657 twice-weekly at 3 mg/kg [39] or with vehicle
for a total of 7 weeks, after which formalin-fixed coronal brain sections from one
hemisphere of each study mouse were stained for detection of Ap plaques and APP-positive
plaque-associated processes. Tissue from the other hemisphere from each mouse was saved
for biochemical analyses. Masked quantification was conducted on stained sections
encompassing cortical regions with appreciable Ap plaques (bregmas —1.96 and 0.2).
Interestingly, a significant reduction in plaques was observed in male mice treated with
51657 when the results from both bregma levels were combined (Fig. 1C), with the
compound-induced decrease being particularly noticeable at bregma -1.96 (Fig. 1A). A
reduction in cortical plaques was not seen in 51657-treated female 5XFAD mice, where a
higher Ap plaque burden and a greater degree of variability was observed (Fig. 1C). The
finding of greater plaque deposition in female 5XFAD mice is consistent with prior
observations [40]. A reduction of plaque-associated APP staining, indicative of decreased
axonal dystrophy, was also observed in the male mice and there was a strong correlation
between AB plaque burden and plaque-associated APP staining for both male and female
5XFAD mice (Fig. 1B and 1D). To further examine AP plaque load in the 5XFAD mice,
triple-stained sections from the plaque-rich subiculum (bregma -3.08) were examined for
amyloid plaques (X34 dye; [49]), APP and MTs (Bl11-tubulin antibody) (Fig. 2A). As
observed in the cortex, masked quantification revealed a greater reduction of X34-positive
plaques in the subiculum of male than female mice receiving 51657, although this did not
reach statistical significance (Fig. 2B). At this bregma level, the female and male mice had
comparable amounts of X34-positive plaques. Notably, and in agreement with prior findings
[32], there were plaque-associated Bl11-tubulin “voids” indicative of MT disruptions that
coincided with X34-positive plaques and APP-positive dystrophic processes, and these were
visibly reduced in the male mice that showed reduction of plaques (Fig. 2A).

Given the decreased Ap plague staining in the male 5XFAD mice treated with 51657 upon
an immunofluorescence survey of brain sections, we conducted a quantitative assessment of
insoluble AB from hemisphere homogenates comprising the entire cortex and hippocampus/
subiculum of the study mice. As young 5XFAD mice synthesize ~25-fold greater amounts of
AP42 than AB40, and because plaques in 5XFAD mice harbor predominantly Ap42 at this
age [40], only Ap42 levels were reliably quantified by ELISA. As revealed in Fig. 3A, a
significant 28% reduction in insoluble AB42 was observed in combined cortex and
hippocampus/subiculum samples from the 5XFAD mice treated with 51657 after
normalization by sex to account for the difference in Ap plaque burden between males and
females. As was seen by imaging, male 5XFAD mice showed a greater decrease of insoluble
AP42 upon 51657-treatment than did females, although sampling of the entire cortical and
hippocampal regions revealed a trend toward decreased insoluble A in female 5XFAD
mice. There was greater insoluble Ap42 in the hippocampus/subiculum samples than in
cortical samples for each sex (Fig 3B), consistent with the subiculum having abundant
plaques in 5XFAD mice (Fig. 2A and [40]), with female mice showing greater insoluble Ap
burden in both cortex and hippocampus/subiculum than male mice [40]. Treatment with
51657 resulted in trends toward reductions of both cortical and hippocampal insoluble AB42
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accumulation in both sexes of 5XFAD mice, although statistical significance was not
achieved in these subgroup analyses where the group sizes were smaller (Fig. 3B).

As plaque-associated dystrophic processes may be a local source of Ap production [32], the
reduction of insoluble AP observed in the 51657-treated mice may have resulted from a
lowering of AB42 release. Indeed, ELISA measurements revealed a significant reduction in
combined cortical and hippocampal soluble AB42 in the 5XFAD mice receiving 51657 (Fig.
4A), with the magnitude of change being similar to that observed for insoluble Ap42 (Fig.
3A) and a greater reduction of soluble AB42 in male (34%) than in female (10%) 5XFAD
mice. Greater amounts of soluble Ap42 were found in the hippocampus/subiculum than in
the cortex of 5XFAD mice of both sexes (Fig. 4B), as was observed for insoluble Ap42.
Moreover, the reductions of soluble AB42 in the 51657-treatment group generally mirrored
those observed with insoluble Ap42 when examined by brain region and sex (compare Figs.
3B and 4B), and there was a significant correlation between the relative levels of soluble and
insoluble AB42 for each study mouse (Fig. 4C), suggesting that the extent of plaque
deposition was directly related to soluble Ap42 levels. We note that whereas soluble Ap42
in the hippocampus of vehicle-treated male and female 5XFAD mice were comparable,
insoluble AB42 levels were higher in the female than male mice (Figs. 3B and 4B),
suggesting that female mice had high levels of hippocampal soluble Ap42 at a younger age
than the male mice that resulted in greater plaque deposition by the time of the study
completion. The greater overall Ap release and more pronounced plague deposition in
female 5XFAD mice likely explains why 51657-treatment was less effective in reducing
soluble and insoluble AB42 in female than male mice. Nonetheless, the >20% reduction of
soluble Ap42 levels on average after 51657 treatment implies that plaque-associated
dystrophic axons account for an appreciable amount of the AB42 production in 5XFAD
mice, even though these mice already produce abundant AB42 through overexpression of
mutated APP and BACEL.

To further confirm the finding of reduced Ap levels in 5XFAD mice treated with 51657,
another study was conducted in which 1.5-month old male and female 5XFAD mice were
treated with vehicle or 51657 for 4 weeks. This shorter study duration allowed for an
examination of changes in AB levels during an earlier stage of A plaque deposition, with
plaques in 2.5-month old 5XFAD mice being largely confined to the subiculum. Whole
cortex and hippocampus/subiculum were processed to obtain soluble and insoluble Ap, and
a significant reduction of soluble Ap42 was again observed in combined hippocampal and
cortical homogenates in the 5XFAD mice treated with 51657 (Fig. 5A). As in the prior
study, the extent of compound-mediated lowering of soluble A was again greater in male
(42%) than in female (23%) 5XFAD mice, although both sexes showed a greater decrease of
soluble Ap42 than was observed in the mice dosed for 7 weeks. Hippocampus/subiculum
levels of soluble AB42 were higher than cortical levels (Fig. 5B), and there was a trend
toward reduced soluble Ap in the cortex and hippocampus of both sexes of 51657-treated
5XFAD mice. As anticipated, the levels of insoluble AB42 levels were much lower in the
cortex than in the hippocampus/subiculum of the 2.5-month old 5XFAD mice (Fig. 5C),
although the overall trends toward reductions of insoluble AB42 in the cortex and
hippocampus of 51657-treated male and female mice were similar to what was observed in
the mice treated with compound for 7 weeks (Fig. 3B).
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The measurable reduction of soluble AB in the 5XFAD mice treated with the MT-stabilizing
agent for 4 weeks suggested that a reduction should also be observed in carboxyl-terminal
APP fragments generated by BACE1 cleavage of APP. The levels of these APP fragments
were examined in immunoblots of cortical homogenates from the 5XFAD mice (Fig. 6A),
and quantification revealed a significant reduction of the C99/C89 APP fragments generated
by BACEL cleavage in 51657-treated mice, as well as the C83 fragment generated by a-
secretase cleavage (Fig. 6B and 6C). The lowering of both BACE1 and a.-secretase APP
cleavage products after 51657-treatment suggested that the observed reduction in soluble
AP42 resulted from an overall decrease of APP processing, perhaps due to decreased APP
accumulation in dystrophic axons. Immunoblot analyses of APP holoprotein in the vehicle-
and 51657-treated 5XFAD mice (Fig. 6A) confirmed that there was a modest but significant
decrease in the 5XFAD mice receiving the MT-stabilizing compound (Fig. 7A), with male
mice again showing a somewhat greater reduction than females. A similar reduction of
BACE1 was also observed in the 51657-treated 5XFAD mice (Fig. 6A and Fig. 7B),
consistent with a reduction of protein accumulation within dystrophic processes. To further
confirm that there was a coordinate reduction of APP and BACEL, the relative APP and
BACE1 levels were plotted for each study mouse, revealing a highly significant correlation
(Fig. 7C). An analysis of APP mRNA levels from midbrain samples of the male 5XFAD
mice confirmed that the decrease in APP protein was not the result of reduced APP mRNA
expression (Fig. 7D). Given the high levels of transgene-driven APP and BACEL expression
in the 5XFAD mice, it is notable that significant reductions of APP and BACEL levels can
be achieved with a MT-stabilizing compound. In summary, these studies indicate that 51657
treatment results in a meaningful reduction of A release and plaque deposition in 5XFAD
mice via a lowering of APP and BACELX proteins that appears to result from improved MT
structure/function in SP-associated dystrophic axons.
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Figure 1.

1.5-month old 5XFAD mice treated with 51657 for 7 weeks have reduced SPs and axonal
dystrophy. A. Male 5XFAD mice treated with 51657 show reduced cortical SPs compared to
those treated with vehicle that is evident in sections from bregma —1.96. B. Representative
image of a cortical section (bregma —1.96) stained for APP (22C11; green) and SPs
(NAB228; cyan), with the adjacent image showing annotation of SP-associated APP-positive
processes, with exclusion of confounding APP-positive neuronal soma. C. Quantification of
cortical Ap (NAB228) integrated signal normalized to total measured area for combined
bregma —1.96 and 0.2 analyses. A single high outlier mouse (p<0.05 by Grubb’s test) from
both the male vehicle and 51657 group was omitted. Data were normalized to the mean of
the male vehicle group, with n=3 vehicle- and 51657-treated male 5XFAD mice, and n=4
vehicle- and 51657-treated female 5XFAD mice. Statistical comparison of the male 5XFAD
mice was by unpaired 2-tailed t-test (t=3.60, df=4). Error bars represent SEM. D.
Correlation plot of the relative Ap and plaque-associated APP signals from combined
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bregma —1.96 and 0.2 data for each 5XFAD study mouse after normalization to the vehicle
mean for each sex. Data underwent linear fit analysis, with r2 and p-value shown in the
graph and dashed lines representing the 95% confidence interval. Circles=Vehicle;
Squares=51657-treated.
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Figure2.
Male 5XFAD mice with decreased X34-positive SPs have decreased focal MT disruptions.

A. Sections from the subiculum (bregma —3.08) of 5XFAD study mice i. stained for A
plaques (X34), APP-positive dystrophic processes and MTs (Bll1-tubulin) show evidence of
SP-associated voids of pllI-tubulin staining, indicative of MT disruption (plaques
highlighted with arrowheads in panels ii with associated pllI-tubulin voids at identical sites
shown in iii). The number of MT voids were reduced in male mice with reduced X34-
positive plaques and APP-positive processes (compare upper and lower panels). B.
Quantification of X34-positive plaques in the subiculum of the 5XFAD study mice after
normalization to the mean of the male vehicle group, with n=4 vehicle- and 51657-treated
male and female 5XFAD mice. The trend toward decreased plaque burden in the male 51657
treatment group did not reach statistical significance by unpaired 2-tailed t-test (t=1.28,
df=6). Circled data points represent the mice shown in A. Error bars represent SEM.
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Figure 3.

1.g-month old 5XFAD mice treated with 51657 for 7 weeks have reduced insoluble AB. A.
Insoluble Ap42 from ELISA analyses of combined cortex (Ctx) and hippocampus/
subiculum (Hip) homogenates from 5XFAD study mice. Data were normalized to the
vehicle mean for each sex, with n=4 vehicle- and 51657-treated male and female 5XFAD
mice. Statistical comparison was by unpaired 2-tailed t-test (t=2.51, df=14). Error bars
represent SEM. B. Insoluble Ap42 in the cortex and hippocampus/subiculum of the 5XFAD
study mice plotted by sex, with normalization to the vehicle mean from the female
hippocampus/subiculum group. Error bars represent SEM.
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Figure 4.

1.5-month old 5XFAD mice treated with 51657 for 7 weeks have reduced cortical and
hippocampal/subiculum soluble AB. A. Soluble Ap42 in the combined cortex and
hippocampus/subiculum of 5XFAD study mice after normalization to the vehicle mean for
each sex, with n=4 vehicle- and 51657-treated male and female 5XFAD mice. Statistical
comparison was by unpaired 2-tailed t-test (t=2.28, df=14). Error bars represent SEM. B.
Soluble AB42 in the cortex (Ctx) and hippocampus/subiculum (Hip) of the 5XFAD study
mice graphed by sex, with normalization to the vehicle mean from the female hippocampus/
subiculum group. Error bars represent SEM. C. Correlation plot of the relative soluble and
insoluble AB42 in combined cortical and hippocampal/subiculum samples from the 5XFAD
study mice. Data underwent linear fit analysis, with r2 and p-value shown in the graph and
dashed lines representing the 95% confidence interval. Circles=Vehicle; Squares=51657-
treated.
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1.5-month old 5XFAD mice treated with 51657 for 4 weeks have reduced soluble AB. A.
Soluble AB42 in the combined cortex and hippocampus/subiculum of the 5XFAD study
mice. Data were normalized to the vehicle mean for each sex, with n=4 vehicle- and 51657-
treated male and female 5XFAD mice. Statistical comparison was by unpaired 2-tailed t-test
(t=3.17, df=14). Error bars represent SEM. B. Soluble AB42 in the cortex (Ctx) and
hippocampus/subiculum (Hip) of the 5XFAD study mice graphed by sex, with normalization
to the vehicle mean from the female hippocampus/subiculum group. Error bars represent
SEM, with n=4 vehicle- and 51657-treated male and female 5XFAD mice. C. Insoluble
AB42 in the cortex and hippocampus/subiculum of the 5XFAD study mice graphed by sex,
with normalization to the vehicle mean from the female hippocampus/subiculum group.
Error bars represent SEM, with n=4 vehicle- and 51657-treated male and female 5XFAD

mice.

Alzheimers Dement. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yao et al. Page 22

A. 51657 Vehicle

APP

BACE1

€99/C89
Cc83

15T male p=0.029 157 male =0.005
Female ————————————— Female [ ]
o L] °
© °o® [ ]
$ 10 ® 1.0 Q
+ 1.0 i l
& ] @ u
b4 * e L ©
© o° LI =
: E =
5 051 2051
[
[ - o
0.0 T T 0-0 T T
3 A 3 A
6§> Ngb (§> Nﬁb
R ) R o
Figure 6.

1.5-month old 5XFAD mice treated with 51657 for 4 weeks have reduced levels of APP
fragments generated by pB- and a-secretase. A. A representative immunoblot of cortical
homogenates from 5XFAD mice reveals a reduction of C99/C89 and C83 APP fragments.
Each lane represents samples from each male study mouse, with MW markers also shown.
GAPDH was used as a loading control. Quantification of immunoblots revealed B. reduced
[B-secretase APP fragments C99/C89 and C. decreased a-secretase APP fragment C83 in
cortical homogenates of 5XFAD mice treated with 51657. Statistical comparisons for B. and
C. were by unpaired 2-tailed t-test, with n=4 vehicle- and 51657-treated male and female
5XFAD mice. Error bars represent SEM with statistical values of (t=2.42, df=14) and
(t=3.31, df=14), respectively.
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Figure7.

Quantification of immunoblots (Fig. 6A) reveals that 51657-treated 5XFAD mice have
reduced cortical A. APP and B. BACEL, with normalization to the vehicle mean for each
sex. Statistical comparisons for A. and B. were by unpaired 2-tailed t-test, with n=4 vehicle-
and 51657-treated male and female 5XFAD mice. Error bars represent SEM with statistical
values of (t=2.43, df=14) and (t=3.64, df=14), respectively. C. A correlation plot of
normalized APP and BACEL levels for each study mouse. Data underwent linear fit analysis,
with r2 and p-value shown in the graph and dashed lines representing the 95% confidence
interval. Circles=Vehicle; Squares=51657-treated. D. Treatment of 1.5-month old 5XFAD
mice with 51657 for 4 weeks does not change brain human APP mRNA levels. Total RNA
was isolated from the midbrain of male 5XFAD mice treated with 51657 or vehicle, and
APP and GAPDH mRNA were quantified by g°PCR. The APP/GAPDH amounts were
normalized to the mean of the vehicle group, with n=4 vehicle- and 51657-treated male
5XFAD mice. No difference was observed between the two treatment groups by unpaired 2-
tailed t-test (p=0.73, t=0.37, df=6).

Alzheimers Dement. Author manuscript; available in PMC 2021 October 01.



	Abstract
	Narrative
	Contextual Background
	Study Conclusions and Disease Implications

	Consolidated Results and Study Design
	Detailed Methods and Results
	Methods
	51657 Synthesis
	5XFAD Mouse Studies
	Immunofluorescence Analyses of 5XFAD Brain Sections
	ELISA Quantification of Aβ42
	Immunoblot Assessments of APP, BACE1 and APP C-terminal Fragments
	APP mRNA Analysis
	Statistical Analyses


	Results
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

