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BACEI] inhibition by microdose lithium formulation NPO3
rescues memory loss and early stage amyloid neuropathology

EN Wilson'* S Do Carmo?, MF lulita, H Hall?, A Ducatenzeiler?, AR Marks?, S Allard?, DT Jia%, J Windheim? and AC Cuello'*3

Lithium is first-line therapy for bipolar affective disorder and has recently been shown to have protective effects in populations at
risk for Alzheimer’s disease (AD). However, the mechanism underlying this protection is poorly understood and consequently limits
its possible therapeutic application in AD. Moreover, conventional lithium formulations have a narrow therapeutic window and are
associated with a severe side effect profile. Here we evaluated a novel microdose formulation of lithium, coded NP03, in a well-
characterized rat model of progressive AD-like amyloid pathology. This formulation allows microdose lithium delivery to the brain
in the absence of negative side effects. We found that NPO3 rescued key initiating components of AD pathology, including
inactivating GSK-38, reducing BACE1 expression and activity, and reducing amyloid levels. Notably, NP0O3 rescued memory loss,
impaired CRTC1 promoter binding of synaptic plasticity genes and hippocampal neurogenesis. These results raise the possibility
that NP0O3 be of therapeutic value in the early or preclinical stages of AD.
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INTRODUCTION

Lithium has been used for more than 60 years in the treatment of
bipolar affective disorder and has recently shown disease-
modifying properties in individuals at risk for developing
Alzheimer’s disease (AD)'™ and in AD animal models.”™ Although
there have been many advances in our understanding of its
mechanism of action,® precisely how lithium confers its protective
effects in AD remains poorly understood. Clinical trials support the
notion that lithium’s multi-target function can modulate cere-
brospinal fluid levels of AR, tau, GSK-3(, and stabilize cognition in
individuals with AD.>* However, despite appearing as an attractive
therapeutic candidate for AD treatment, conventional lithium
formulations (lithium carbonate and lithium citrate) have a narrow
therapeutic window owing to negative side effects at higher doses
and their use in the elderly requires careful monitoring.”'°

NPO3 (issued from the Aonys technology developed by Medesis
Pharma, Montpellier, France) is a novel microdose lithium formula-
tion, wherein lithium is encapsulated in reverse water-in-oil
microemulsions composed of self-assembled specific polar lipids,
surfactant and co-surfactants (lecithin and ethanol), allowing
enhanced central nervous system (CNS) uptake.''™"® With NPO3,
transmucosal administration permits a significantly lower amount
of lithium to be administered (400 x fold lower; blood concentra-
tion below detection limit of 0.06 mmoll~"), as this route of
administration avoids acid hydrolysis in the gastrointestinal tract
and bypasses hepatic metabolism, thus leading to high bioavail-
ability. The Aonys technology has been shown to enhance CNS
penetration of the P42 peptide to prevent Huntingtin aggregation
in a murine model of Huntington’s disease (HD),'? for efficient CNS
targeting of lithium in the same model,"" and CNS targeting of
siRNAs in a murine model of prion disease.'®> NPO3 has previously
shown neuroprotective properties in a Huntington’s disease murine

model at remarkably low doses while avoiding the well-known
adverse side effects of conventional lithium formulations.'’

We evaluated whether the NP03 microdose formulation of
lithium (40 pg Li per kg) might be efficient in modifying the early
Alzheimer-like progressive amyloid pathology in McGill-R-Thy1-
APP transgenic rats.'” At the early, pre-plaque stage McGill AD
transgenic rats show in vivo disruption of synaptic plasticity in Ap-
burdened neurons'® and cognitive impairment.'””~%? It has also
been reported that early intraneuronal AR accumulation blocks
CRTC1 synaptonuclear transport, resulting in impaired promoter
occupancy, and impaired neuroplasticity gene expression.?? In this
study, we tested NPO3 at the pre-plaque stage since intervening at
early pathological stages offers a more promising outcome
compared to later stages, by which time the brain has suffered
extensive damage.”

Here we report beneficial effects of NPO3 in halting the evolving
AD pathology in McGill AD transgenic rats and in rescuing early
AB-driven deficits in learning and memory. NP0O3 further induced
an inactivated GSK-3p profile, and dampened Bace1 (B-site APP
cleaving enzyme-1) gene expression and BACE1 activity, rendering
lower levels of toxic AP4, peptides. NPO3 also restored CRTC1
promoter occupancy in synaptic plasticity genes required for
learning and memory. Furthermore, it re-established hippocampal
neurogenesis in the AD rat transgenic model. These findings thus
suggest that NPO3 reverses key AD pathologies in an in vivo AD
model, and that it may have therapeutic value in the early stages
of the disease.

MATERIALS AND METHODS

Full description of Materials and methods is available as Supplementary
Materials.
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Animals

Male and female homozygous McGill-R-Thy1-APP transgenic rats'’ were
socially housed under 12 h light-dark schedule at 21 °C with free access to
food and water. Number of animals is indicated in figure legends.
Procedures were approved by the Animal Care Committee of McGill
University.

Drug treatment

Three-month-old rats received microdose lithium NPO3 (40 ug Li per kg;
1ml kg_1; Medesis Pharma) or vehicle formulation lacking lithium
(1 mlkg™") on rectal mucosa 5 days per week for 8 weeks. A separate
group of 250-300 g wild-type rats were treated with increasing doses of
lithium (0-600 pg Li per kg) NP03. No changes in weight, drinking
behaviour or urination were observed.

Behavioural tests

Novel object recognition, Morris water maze and auditory fear-
conditioning tasks were performed as previously described.'®

Determination of brain lithium levels

Brain tissue was collected 3-5 h following NPO3 or vehicle administration
and processed for analysis by inductively coupled plasma mass spectro-
metry (ICP-MS) (ICAP-Q, Thermo Fisher Scientific, Waltham, MA, USA).

Immunohistochemistry

Immunohistochemistry procedures were performed as previously
described.?? Sections were imaged using an Axio Imager 2 microscope
(Carl Zeiss Canada, North York, ON, Canada) running Zen Blue software
(Carl Zeiss).

Western blotting

Hippocampal tissue was homogenized and Western blot analysis was
carried out as previously described.?? The following primary antibodies
were applied: anti-phospho-GSK-33°¢" (5B3; Cell Signaling Technology,
Danvers, MA, USA; #9323); anti-total GSK-3f (27C10; Cell Signaling #9315);
anti-B-Catenin (6B3; Cell Signaling #9582); anti-Blll Tubulin (Promega,
Madison, WI, USA; #G7121); and anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, 6C5; EMD Millipore, Etobicoke, ON, Canada, #MAB374).

Electrochemiluminescence-linked immunoassay

Protein levels of hippocampal Wnt3a ligand were determined using the
electrochemiluminescence-linked immunoassay kit from Meso Scale
Discovery (K150SOD; Gaithersburg, MD, USA) following manufacturer’s
instructions.

Chromatin immunoprecipitation
Chromatin immunoprecipitation and gene expression analysis procedures
were as previously described.”

BACE1 activity detection assay

BACE1 activity in cortical tissue was assessed using the fluorescence
resonance energy transfer (FRET)-based [-secretase (BACET) Activity
Detection Kit (Sigma-Aldrich, St Louis, MO, USA; CS0010).

TBS soluble and insoluble human AB4 and AP, ELISA

Levels of soluble and insoluble human AB,, and AB,, were assessed in
cortical homogenates following the manufacturer’s directions (Invitrogen,
Carlsbad, CA, USA; KHB3482 and KHB3442).

Neurogenesis analysis

Coronal sections containing anterior dorsal hippocampus (three sections
per animal) were incubated with antibody against doublecortin (DCX)
(1:600, C-18, sc-8066, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
Alexa Rhodamine anti-goat. DCX-immunoreactive cells were counted in a
blind manner and expressed as a mean number of cells per section for
each condition.
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Statistical analysis

Data were analysed using two-way ANOVA to examine effects of NP03
treatment and App transgene and all possible pairwise tests of the group
means were examined using Tukey’s post hoc tests. Means of two groups
were compared using an unpaired Student’s t-tests (GraphPad Software, La
Jolla, CA, USA). Data are reported as mean +s.e.m. Statistical significance
was P < 0.05.

RESULTS

The McGill-R-Thy1-APP transgenic rat model of AD-like amyloid
pathology (AD rats hereafter) expresses the mutated human AR
precursor protein (APP). It shows intraneuronal AP as early as
1 week postnatally, and extracellular plaques appear between 6
and 9 months of age in homozygous animals, spreading from the
hippocampus to the cortex (Supplementary Figure 1)."” These AD
rats show impaired cellular signaling, long-term potentiation and
cognition at the pre-plaque state.'’~'9?2?* Thus, we treated AD
rats at this time point to assess the ability of NPO3 to rescue
established AB-driven pathology and related cognitive
impairment.

NPO3 treatment

We evaluated a microdose formulation of lithium, NP03, in the
treatment of AD-like amyloid pathology at the early, pre-plaque
stage of the disease. NPO3 contains the lithium citrate salt
deposited in a water-in-oil microemulsion (Figure 1a). This
formulation allows significantly lower levels of lithium to be
delivered, avoiding the off-target effects associated with conven-
tional dosing. Thus, AD transgenic rats and their wild-type
littermates received either NP0O3 (40 ug Li per kg; 1mlkg™") or
vehicle (1 ml kg”) 5 days per week for 2 months (Figure 1b)
starting at 3 months of age. Importantly, no weight changes, a
common side effect of lithium, occurred following NPO3 treatment
(two-way ANOVA, P> 0.05; Figure 1c). Brain lithium in rats treated
with 40 pg Li per kg NPO3 reached 3.36 ng g~ ' of brain tissue, as
measured by ICP-MS analysis, demonstrating that considerable
amounts of lithium reached the CNS across the blood-brain
barrier. Of note, the concentration of lithium increased with
increasing doses of lithium, suggesting saturation was not reached
at 40 pg Li per kg (Figure 1d). Finally, transcript production of the
Thy1 promoter-driven APP transgene was not affected by NP03
treatment (t13)=0.3601; P=0.7246; Figure 1e).

NPO3 reversed memory impairments in AD rats

We first assessed the effect of NPO3 treatment on learning and
memory. During the familiarization phase of the novel object
recognition (NOR) task, all rats demonstrated high exploratory
behaviour, spending approximately half the allotted time explor-
ing objects (Figure 2a). Following a 30-min intertrial interval, rats
were presented with the test phase (Figure 2b) where one familiar
object was replaced with a novel object. As expected, wild-type
rats showed a clear preference for the novel object with a
preference ratio of 40% (chance preference being 20%) while
vehicle-treated AD rats demonstrated a significant impairment
(Treatment X Transgene interaction: F(;26=5.65; P=0.0251).
Tukey’s post hoc analyses revealed a significant reduction in the
novel object preference for the vehicle-treated Alzheimer rats
compared to the wild-type control (P < 0.05). Importantly, NPO3
restored novel object preference in AD rats significantly above the
AD vehicle group (P < 0.05), and comparable to that of the wild-
type control (P> 0.05).

Rats were then tested on the Morris water maze task.>>?® On
training Day 1 (Figure 2c), mean platform latencies were not
significantly different, ranging 67.00-85.75 s (Figure 2d), and all
groups showed improved performance with training (two-way
ANOVA: time effect Fi4 135 =12.28; P < 0.0001). However, AD rats
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Experimental design. (@) Schematic representation of the NP0O3 formulation with lithium incorporated as water-in-oil nanoparticles.

(b) Experimental design showing that McGill-R-Thy1-APP transgenic rats and wild-type control rats were treated with NPO3 or vehicle during
the pre-plaque phase of the amyloid pathology, starting at 3 months of age and finishing at 5 months. Behavioural testing included Morris
water maze, novel object recognition and auditory fear conditioning. (c) The absence of body weight change after NP03 treatment. (d) The
incremental accumulation of lithium in brain with escalating NPO3 dosage as determined by ICP-MS (e) Quantitative PCR experiments
showing the NP03 treatment had no effect on the expression of the App transgene in the McGill-R-Thy1-APP animal model. Data from n>5
rats per condition were analysed via two-way ANOVA with Tukey’s post hoc test (c) and Student’s t-test (e). ANOVA, analysis of variance; APP, Aj
precursor protein; ICP-MS, inductively coupled plasma mass spectrometry.

performed significantly worse on acquisition phase performance
on Days 2 (AD vehicle vs WT vehicle: P < 0.01) and 3 (AD vehicle vs
WT vehicle: P <0.05) compared to the wild type. Again, NP03
rescued performance on Days 2 and 3 in AD rats that performed at
the same level as wild-type rats (AD NP03 vs WT vehicle: P> 0.05).
On the Probe Trial (Figure 2e), AD rats made just as many platform
crosses compared to the wild-type rats, indicating that while they
took longer over training Days 1-5 to learn the task, they were
eventually able to locate the platform, and thus, showed no deficit
on the subsequent Probe Trial.

Finally, in the auditory fear-conditioning task, all rats displayed
equal baseline freezing in training Context A (CXT-A; Figure 2f;
Baseline) and the presentation of a 5-kHz tone elicited no change
in freezing, verifying that the tone was initially innocuous
(Figure 2f; Tone). As expected, a mild footshock co-terminating
with the tone led to an elevation in freezing for all rats (Figure 2f;
Post-Shock). When rats were returned to training context (CXT-A)
24 h later they all showed high levels of freezing indicating AD rats
were unimpaired in contextual fear memory (Figure 2g).'® When
we tested rats in a novel context (Context B, CXT-B) 24 h later all
groups again showed baseline freezing (Figure 2h). However,
presentation of the 5-kHz tone in CXT-B elicited a high level of
freezing in wild-type but not vehicle-treated AD rats. NP03
rescued this cued recall in impaired AD rats. These observations
were supported by the results of two-way ANOVA, which revealed
a significant Transgene x Treatment interaction (F(;24)=9.19;
P=0.0058), as well as a significant main effect for Treatment
(F(1,24)=4.66; P=0.0411), but not for Transgene (F(.4)=0.07;
P=0.7939). Post hoc analyses revealed that vehicle-treated TG rats
had lower levels of freezing compared to vehicle-treated
WT (P < 0.05), while there was no difference between control
animals and NPO3-treated TG animals (P>0.05). Together our
results reveal that NPO3 rescued AB-induced memory impairments
in novel object recognition, spatial learning and amygdala-
dependent fear memory.

NPO3 inactivated hippocampal GSK-3 and restored native
[B-catenin

We next investigated the biochemical changes that might account
for the observed behavioural restoration by NP03 in AD rats. We
first investigated the phosphorylation status of GSK-3(, a multi-
functional serine/threonine kinase widely expressed in brain and
linked to AD pathology.?’~2° We assessed relative phosphorylation
of GSK-3[3 at serine 9 compared to total GSK-3p as an indicator of
GSK-3pB inactivation.3® Using quantitative Western blotting we
found a significant reduction in the levels of phospho-GSK-3p°¢"
in Alzheimer transgenic rats compared to the wild-type (Treat-
ment x Transgene interaction: F(; »3y=8.91; P=0.0066; WT:Veh vs
TG:Veh, P < 0.05). NPO3 reversed this deficit in the AD transgenic
rats (TG:Veh vs TG:NPO3, P < 0.01; WT:Veh vs TG:NP03, P> 0.05.
Importantly, the ratio of phospho-GSK-3p°¢™ to total GSK-3f8 was
significantly reduced in the hippocampus of AD rats relative to
wild-type rats, reflecting a release of inhibitory phosphorylation on
GSK-3B (Treatment x Transgene interaction: F( 23 =6.42;
P=0.0186; WT:Veh vs TG:Veh, P < 0.05). NPO3 restored the ratio
of phospho-GSK-3p°%" to total GSK-3f in AD rats (TG:Veh vs TG:
NP03, P <0.01; Figure 3a), a finding that is consistent with a
previous report that showed NPO3 inhibiting GSK-3f3 in a mouse
model of Huntington’s disease."’ GSK-3B phosphorylates several
components of the Wnt/B-catenin transduction pathway, includ-
ing B-catenin, which is subsequently recognized by ubiquitin and
targeted for proteasomal degradation.®’ We measured levels of
the Wnt ligand and found no significant difference between any
of the conditions (two-way ANOVA: Treatment: F(;,3=0.02;
P=0.8793; Transgene: F(; 23y=0.28; P=0.5991; interaction: F; »3)=
1.20; P=0.2856; Supplementary Figure 2). However, we did
observe a significant decrease in native B-catenin (a GSK-3(3
substrate) protein in the hippocampus of AD rats (significant main
effect for Transgene (F(; 1) =5.82; P=0.0251; WT:Veh and WT:NP03
vs TGVeh, P<0.05; Figure 3b), suggesting a facilitation of
degrading mechanisms of the native form of B-catenin in these
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Figure 2. NPO3 rescued learning and memory deficits in transgenic rats modelling AD-like amyloid pathology. (a) Novel object recognition
familiarization phase showed AD rats were unimpaired in exploratory behaviour. (b) Vehicle-treated AD rats showed an impairment in novel
object recognition on the test phase which was rescued with NPO3 treatment. (c, d) Escape latency in Morris water maze task was higher for
AD-vehicle rats on Days 2 and 3 compared to the wild-type vehicle rats, although all rats showed improved performance after 5 days of
training as indicated by reduced escape latency. (e) Accordingly, there was no difference in percentage time spent by each group in the target
quadrant. (f) Rats placed into Context A show baseline freezing of ~20%, and elevation following a mild footshock but not elicited by the
presentation of a 5 kHz tone. (g) All groups froze at levels above baseline when returned to Context A 24-h later for contextual fear-
conditioning recall. (h) Rats demonstrated baseline-freezing levels in novel Context B, supporting specificity of the contextual fear response.
Presentation of 5 kHz tone failed to induce an elevation in freezing in AD-vehicle rats. This deficit is prevented in NPO3-treated AD rats. Data
are from n>5 rats per condition. * P <0.05, **P < 0.01 determined using repeated measures two-way ANOVA (d) or two-way ANOVA with
Tukey's post hoc test (a, b, e, f, g, h). AD, Alzheimer’s disease; ANOVA, analysis of variance.

rats. We found that NPO3 treatment rescued the steady-state
levels of B-catenin, coinciding with inactivation of GSK-33 (TG:Veh
vs TG:NPO3, P < 0.05).

NPO3 reduced BACE1 activity and the ratio of AB42/AB4o

Wnt/B-catenin signalling supports transcriptional repression of
Bacel by promoting the binding of T-cell factor-4 at Bace1 genetic
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promoters.>? Thus, in accordance with the observed reduction of
native B-catenin, we observed a five-fold increase in Bacel mRNA
in the hippocampus of AD transgenic rats relative to the wild type
(Figure 3c) that was diminished to normal levels with NPO3 treat-
ment (Treatment X Transgene interaction: F; 23=6.91; P=0.0150;
WTVeh vs TG:Veh, P < 0.05; TG:Veh vs TG:NP03, P<0.01). In
addition, using a FRET-based activity assay, we observed increased
substrate cleavage activity by BACET in vehicle-treated AD
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Figure 3. NPO3 mediates elevation of hippocampal GSK-3f phosphorylation, restoration of p-catenin levels, reduction of BACE1 levels and of
its catalytic activity, along with reduction of Ap,, levels in AD rats. (a) AD rats presented a profile of hyperactive GSK-3f, as measured by the
ratio of phospho-GSK-34°*"°/total GSK-3p in hippocampal protein extracts examined by Western blotting. Quantification of phospho-
GSK-3p°*™ and total GSK-3p band intensity demonstrated that the significant decline in the ratio of phospho-GSK-33°%/total GSK-3p
(indicating increased GSK-3p activity) in AD rats vs wild-type rats was restored to control levels with NP03. (b) Hippocampal tissue from wild-
type and AD rats receiving vehicle or NPO3 microdose lithium was analysed by Western blot for levels of -catenin. Quantification of native p-
catenin (normalized to wild-type vehicle) showed significant reduction in AD rats vs wild type. Reduction of native p-catenin was reversed by
NPO3 treatment. (c) Levels of Bacel gene expression and (d) BACE1 activity were elevated in AD rats. This increase was reduced with NP03
treatment. (e) Consequently, the levels of soluble human AB,, measured by ELISA were reduced with NPO3 treatment, as was the AB4,/APao
ratio. n > 5 rats per condition. (f, g) Chromatin immunoprecipitation analysis revealed significant reduction in CRTC1 occupancy in promoters
of synaptic plasticity-associated genes Bdnf iv and c-fos in AD rats. These deficits were overcome with NP03 treatment. *P < 0.05, **P < 0.01
determined by two-way ANOVA with Tukey's post hoc test (a, b, ¢, d, f, g) and Student’s t-test (e). AD, Alzheimer’s disease; ANOVA, analysis of
variance.

transgenic rats compared to the wild type (Figure 3d). NPO3
treatment reduced BACE1 activity in AD rats to baseline levels, a
reduction of 12.96%. These observations were supported by the
results of a two-way ANOVA, which revealed a significant
Transgene X Treatment interaction (F( 25 =9.547; P=0.0050), as
well as a significant main effect for treatment (F(,s)=6.65;

P=0.0162), but not for Transgene (F »5)=3.28; P=0.0822). Post
hoc analyses revealed that vehicle-treated TG rats had significantly
elevated BACE1 activity compared to vehicle- and NP03-treated
WT (P < 0.05). NPO3 reduced BACET activity in Alzheimer rats
compared to the vehicle-treated AD rats (P < 0.01) to a level not
significantly different from the WT (P> 0.05).

Translational Psychiatry (2017), 1-10
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BACE1 cleaves APP to generate AP peptides and other APP-
derived fragments.>*3** Accordingly, BACE1 inhibitors have been
considered as putative therapeutic agents for the treatment of
AD.*® Given the increase in Bacel gene expression and activity in
AD transgenic rats, we subsequently analysed the levels of TBS-
and guanidine-soluble human Af4, and AB,, peptides (Figure 3e).
In the TBS-soluble fraction, as expected, AB,4, peptides and AR,
peptides were highly expressed in AD transgenic rats. Importantly,
NPO3 reduced the levels of soluble AB4, in AD transgenic rats
(tq2=2.028; P=0.0327), a decrease of 4.5-fold, while levels of
soluble A4, were unchanged (t;2=6.197; P>0.05). The reduc-
tion in AB4; led to a significant decrease in the soluble AB4./AB4o
ratio (t(12=2.187; P=0.0247). Insoluble AB4, and AR, peptides
were not detected at this early, 5-month time point. Thus, NP0O3
effectively reduced Bacel mRNA and activity, and diminished
levels of soluble A4, in AD transgenic rats.

NPO3 rescued CRTC1 binding at synaptic plasticity-associated
gene promoters

In rodent models of AD, the transcription co-regulator CRTC1 is
dysregulated early, when AP peptides are still intraneuronally
confined.?>*%7 |n a previous study, we showed an AB-mediated
impairment in CRTC1-dependent gene transcription that was
reflected by reduced CRTC1 nuclear translocation, reduced CRTC1
occupancy at synaptic plasticity-associated gene promoters and
reduced transcription of plasticity-associated genes in AD
transgenic rats.?? As it has been reported that higher concentra-
tions of lithium enhances CRTC1 oligomer formation as well as the
interaction between CREB co-activating factors CRTC1 and CREB-
binding protein,**™*' we tested whether NP03 lithium microdoses
could reverse the AP-driven impairment in CRTCT promoter
occupancy. Thus, consistent with our previous report,>? we found
that in AD transgenic rats, genomic promoter occupancy was
significantly reduced for Bdnf iv (brain-derived neurotrophic
factor) (Figure 3f). These observations were supported by the
results of a two-way ANOVA, which revealed a significant main
effect for Transgene (F(;30)=9.50; P=0.0044). Post hoc analyses
revealed that vehicle-treated Alzheimer transgenic rats had
significantly reduced CRTC1 promoter occupancy at Bdnf iv
compared to vehicle- and NPO3-treated wild type (P < 0.05).
NPO3 restored CRTC1 Bdnf iv promoter occupancy to a level not
significantly different from the wild type (P>0.05). CRTCI
promoter occupancy was also reduced at c-fos in AD transgenic
rats (Transgene x Treatment interaction (F(29)=5.77; P=0.0229;

Translational Psychiatry (2017), 1-10

Figure 3g). Post hoc analyses revealed that vehicle-treated
Alzheimer transgenic rats had significantly lower CRTC1 occu-
pancy of c-fos promoters compared to the wild-type vehicle group
(P<0.05). NPO3 significantly increased CRTC1 occupancy in
Alzheimer transgenic rats compared to the vehicle-treated
Alzheimer transgenic rats (P < 0.05) to a level not significantly
different from the wild type (P> 0.05). Thus, it is likely that NP03-
driven restoration in CRTC1 genomic occupancy contributed to
behavioural recovery in AD rats treated with NP0O3 by facilitating
expression of synaptic plasticity-related genes.

NPO3 rescued adult hippocampal neurogenesis

The subgranular zone (SGZ) of the hippocampus exhibits
persistent neurogenesis into adulthood—a process shown to be
impaired with amyloid deposition.*>** As Wnt/B-catenin signalling
has been reported to regulate adult hippocampal neurogenesis,**
we processed tissue sections containing the SGZ using an
antibody specific for the protein doublecortin (Figure 4a), a
reliable and specific marker of adult neurogenesis.** Vehicle-
treated AD rats showed impaired SGZ neurogenesis compared to
the wild-type groups, as demonstrated by a reduction in the
number of DCX+ cells (TreatmentXx Transgene interaction F
(1,12)=8.65; P=0.0124; WT:Veh and WT:NPO3 vs TG:Veh, P < 0.05;
Figures 4b and c). Similarly to the effects reported for conventional
lithium in mice,*® and in fitting with its effects on AB and the Wnt/
B-catenin signalling pathway, we found that NPO3 lithium
microdoses rescued loss of neurogenesis in AD rats (TG:Veh vs
TG:NPO3, P < 0.01).

DISCUSSION

This study indicates that microdose lithium NP03 can efficiently
reach the brain to rescue cognitive impairments at early stages of
AD-like amyloid pathology in AD rats. Importantly, this effect
coincided with the inactivation of GSK-3 and a reduction in AP,
levels. Furthermore, NPO3 blunted BACE1 hyperactivity in AD rats
while restoring hippocampal neurogenesis and CRTC1 Bdnf iv and
c-fos promoter occupancy. These aspects are critical for the
effective CRTC1 transcription as required for learning and memory
mechanisms.*’**% In this regard, our results coincide with recent
findings where subclinical concentrations of lithium provoked
higher intracellular and extracellular BDNF concentration in
hippocampal cell cultures.*® Of note, NPO3 treatment did not
produce side effects relating to lithium toxicity nor did it provoke
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adverse effects in wild-type animals. These results support the
hypothesis that microdoses of lithium are sufficient to impact Af
neuropathology by affecting multiple components of the Wnt/(3-
catenin signalling pathway, among others.

Despite wide use in treatment of bipolar disorder, a major issue
with the application of lithium remains its severe side effect
profile.'%%° Lithium has a narrow therapeutic window, and severe
side effects preclude its long-term use in elderly patients. Adverse
effects of lithium include tremor, nausea, polyuria, polydipsia and
weight gain,” and because of these side effects, lower plasma
concentrations are intentionally targeted for maintenance treat-
ment. Here we evaluated a novel lipidic nano-particle formulation
of lithium (NP03) that delivers significantly lower amounts of
lithium, while allowing enhanced CNS uptake of lithium, avoiding
adverse effects without loss of therapeutic efficacy.

The Wnt/B-catenin pathway has been implicated in AD
pathogenesis®'* and accordingly modulation of this pathway is
thought to represent a possible therapeutic strategy in AD. Our
results support the hypothesis that lithium modulates Wnt/p-
catenin signalling via inactivation of GSK-3f3, contributing to a
reduction of Bacel mRNA expression, inhibition of BACE1 and
reduction of AB neuropathology. Recently, Parr et al.? showed
that activation of Wnt/B-catenin signalling pathway promotes
binding of T-cell factor-4, a Bacel gene repressor, and multiple
lines of evidence point to a role of clinical doses of lithium in

mimicking Wnt/B-catenin signalling through the inactivation of
GSK-3B.>"°™7 Furthermore, BACE1 activity is consistently shown
to be elevated in AD and in models of Alzheimer amyloidosis.”®*°
NPO3 reduced Bacel expression and activity and it is likely
through this mechanism that soluble AP4, levels were reduced.
The interpretations of the present results are summarized in
Figure 5, showing that AB-driven hyperactivity of GSK-33 would
lead to reduced stability of B-catenin, thereby removing the
transcriptional repression of Bacel by TCF/LEF. This would favour
AB production via the sequential cleavage of APP by BACET.
Conversely, NP0O3 inactivates GSK-3 through phosphorylation at
Ser 9, restoring B-catenin signalling components, and transcrip-
tional repression of Bacel. This ultimately leads to reduced
production of AP, peptides and the consequential diminution of
the Alzheimer’s-like amyloid pathology, resulting in improved
cognitive outcomes (Figure 5). This model is supported by a recent
report showing that inhibition of Wnt signalling induces
amyloidogenic processing and aggregation of AB4, peptides.®’
Thus, notwithstanding the limitations of transgenic models, the
reduction in soluble AB,4; observed here is significant, as dementia
severity correlates more closely with presence of soluble A,
rather than with fibrillar AR deposits in the brain.%?

AB deposition is a negative regulator of adult hippocampal
neurogenesis.**** We found that NPO3 can prevent loss of
hippocampal neurogenesis at early stages of AR neuropathology,

Translational Psychiatry (2017), 1-10



Microdose lithium NPO3 rescues A neuropathology
EN Wilson et al

consistent with earlier reports using App mutant mice.*® Although
it is not known what exact role adult neurogenesis plays in
behaviour,®*%> incorporation of adult-born neurons in the
hippocampus SGZ is important for inhibitory modulation of
mature granule cells.®® Furthermore, adult neurogenesis has been
implicated in pattern separation and the normal processing of
information in the hippocampal circuit.®” Thus, it is likely that
NP03-rescued cognition in AD rats results in part by the
preservation of hippocampal neurogenesis.

Effects of lithium on AD in clinical populations have been
reported, although with conflicting results."* A study administer-
ing lithium carbonate (serum levels 0.3-0.8 mmol I~ ") for up to 1
year showed no cognitive improvement®® A second study
administering lithium sulphate (serum levels 0.5-0.8 mmol|™")
for 10 weeks, including a 6-week titration phase® also failed to
show benefit. However, a trial assessing lithium at earlier stages of
the pathology? revealed a significant decrease in cerebrospinal
fluid p-tau;g; and improvement on the ADAS-Cog subscale after
12-month lithium treatment (0.25-0.5mmol1™"). In a low-dose
trial, 300 pg of lithium was given once daily for 15 months* and
while the placebo group deteriorated in MMSE scores, the lithium-
treated group remained stable. Together, the clinical studies
reveal that the possibility of beneficial effects of lithium in the
treatment of AD should not be excluded. Rather, further clinical
trials with lithium microdoses within well-defined clinical popula-
tions should be undertaken,® for instance, at early Alzheimer
pathological stages and/or in Down syndrome (DS), at the
transition from DS-AD asymptomatic to DS-AD symptomatic. Such
studies should include biomarker measures, along with ‘self-to-
self’ cognitive assessment’® to determine treatment efficacy.

It must be noted that while cognitive impairments and AD-like
pathology were reversed by NPO3 treatment, our work cannot
completely rule out the possibility that the effect of NP0O3 is of
preventative nature and thus NPO3 administration would prevent
pathology progression, rather than rescuing it. These aspects will
be addressed in future studies.

Conventional lithium dosage is associated with a significant
adverse side-effect profile including nausea, dizziness, nephro-
toxicity, polyuria, polydipsia and tremor.>' Serum lithium levels
achieved here were below detection limit of 0.06 mmol ™", By
comparison, this is significantly lower than the levels which are
typically targeted for individuals with bipolar disorder, which
range between 0.5 and 1.5 mmol | ~".”" This is also lower than the
doses targeted in Alzheimer patients, which range from 0.3 to
0.8 mmol | ~".5872 Therefore, the justification of NP0O3 as a less-
toxic alternative to conventional lithium stems from the micro-
dose nature of the formulation and its capacity to reach the brain.
This is especially important given the long-term treatment
required for AD, and its application in elderly populations.>

In our studies, NPO3 formulation restored spatial learning,
recognition memory and associative learning in a rat model of AD-
like amyloid pathology. NP0O3 reduced brain AB,,, and proved to
be an efficacious inhibitor of BACE1 activity. Finally, NPO3 restored
neurogenesis and CRTC1 promoter occupancy in synaptic
plasticity genes. NP03 did not provoke adverse side effects. With
a unique formulation allowing controlled microdose delivery
setting it apart from current conventional lithium therapy, NP0O3
represents a promising therapeutic agent for mild-moderate and
foremost for prodromal AD. The emerging literature would
indicate that prodromal AD will be safely identified for earlier
therapeutic intervention’>”® and, as such, these cohorts should
be suitable candidates for NP03 and alternative microdose lithium
therapies.
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