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Abstract

The use of lithium is well established in bipolar disorders and the benefits are being demon-
strated in neurodegenerative disorders. Recently, our group showed that treatment with
microdose lithium stabilized the cognitive deficits observed in Alzheimer’s disease (AD)
patients. In order to verify the lithium microdose potential in preventing the disease develop-
ment, the aim of this work was to verify the effects of chronic treatment with microdose lith-
ium given before and after the appearance of symptoms in a mouse model of a disease
similar to AD. Transgenic mice (Cg-Tg(PDGFB-APPSwInd)20Lms/2J) and their non-trans-
genic litter mate genetic controls were treated with lithium carbonate (1.2 mg/Kg/day in
drinking water) for 16 or 8 months starting at two and ten months of age, respectively. Simi-
lar groups were treated with water. At the end of treatments, both lithium treated transgenic
groups and non-transgenic mice showed no memory disruption, different from what was
observed in the water treated transgenic group. Transgenic mice treated with lithium since
two months of age showed decreased number of senile plaques, no neuronal loss in cortex
and hippocampus and increased BDNF density in cortex, when compared to non-treated
transgenic mice. It is suitable to conclude that these data support the use of microdose lith-
ium in the prevention and treatment of Alzheimer’s disease, once the neurohistopathologi-
cal characteristics of the disease were modified and the memory of transgenic animals was
maintained.

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015

1/26


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0142267&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

from FAPESP (2013/19999-8). Buck, H.S. is a
fellowship recipient from CNPq (303283/2014-9). The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Introduction

Demographic changes resulting from the increase in life span and the increasing number of
aged people lead to a dramatic increase in the prevalency of dementias. Among them, Alzhei-
mer’s disease is a progressive neurodegenerative disease, whose ethiology is still unknown, and
causes progressive cognitive deficit and incapacity. Aging is the most important risk factor,
suggesting that biological alterations related to aging may be associated to its pathogenesis [1],
besides genetic and environmental factors. Normally, patients present progressive atrophy of
gray matter, which can be a reflection of neuronal death caused by micro-structural changes in
brain [2].

Gradual accumulation of neurofibrillary tangles, mainly intracellularly, formed as a result of
abnormal hyperphosphorylation of cytoskeletal tau protein and deposition of amyloid-B pep-
tide fibrils into senile plaques, mainly extracellularly, are the most important histopathological
characteristics of AD that lead to huge neuronal death [3]. The biochemical mechanisms that
are activated to produce these alterations are many and are evidently present in specific vulner-
able brain areas. One of the brain areas most succeptible is the hippocampus [4].

Recently, our research team showed that treatment with microdose lithium carbonate (1.5
mg/day) was efficient to prevent the cognitive decline of patients with clinical diagnosis for AD
[5]. Although these exciting data in humans, there is no evidence of the efficacy of this micro-
dose as a preventive strategy. In the same way, the ability to modify the disease properties was
not measured yet. The neuroprotective mechanisms of lithium have already been described
[6,7] and the benefits of lithium involve inhibition of GSK-3p leading to decreased tau phos-
phorylation and to the decrease of amyloid-f (A) load [8,9]. Lithium may also protect neu-
rons against the neurotoxic effects of AB42 by favoring other neurotrophic and/or
neuroprotective responses not only by GSK3 inhibition. Another important neuroprotective
effect of lithium is the stimulation of synthesis and release of neurotrophins, in particular
brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF) [7].
Therefore, lithium treatment may provide an array of benefits that could lead to a global
improvement in the organism function.

However, it is already known that lithium could be toxic in weight-based dosing [10],
mainly in aged people. So, the aim of this work was to investigate the preventive and therapeu-
tic effects of microdose lithium in a mouse model of neurodegenerative disease and to explore
their molecular mechanisms. This work is the first to show that continuous preventive, as well
as continuous therapeutic treatment with microdose lithium can alter the pathological charac-
teristics of Alzheimer’s disease, preventing its evolution. In this way, this work gives support
for the clinical use of microdose lithium to prevent and stabilize the progression of the disease.

Materials and Methods
1. Animals

Male hemizygous transgenic mice—here called TG—B6.Cg-Tg (PDGFB-APPSwInd)—that
express a mutant form of the human amyloid precursor protein (hAPP) carrying the Swedish
(K670N, M671L) and Indiana (V717F) familial AD mutations directed by the platelet-derived
growth factor (PDGF) B-chain promoter (APP mice, J20 line) and age-matched wild type litter
mates—here called WT—were provided from our own colony, using breeding males acquired
from “The Jackson Laboratories”, USA (Stock Number 006293) [11]. To ensure the presence of
the mutant gene, all animals were genotyped following the protocol described by the Jackson
Laboratory. Between 5 and 7 months of age, these animals show diffuse deposition of amyloid-
B (AB) peptide in dentate gyrus and neocortex and show senile plaques at 8 to 10 months of
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age displaying the full spectrum of cerebrovascular, cognitive, neuroinflammatory and amyloid
pathologies at 10 months of age [11,12,13,14]. Animals from the same litter were maintained
in number of 3 to 6, in individually ventilated cages, with food and water ad libitum. Room
temperature was 24°C to 26°C and humidity was 55%.

All efforts were done to reduce the number of animals and their suffering. The experimental
procedings were performed according to the “ethics principles for the use of laboratory ani-
mals” described by the Brazilian Society in Science of Laboratory Animals (SBCAL, Brazil).
The experimental protocols were approved by the Animal Ethics Committee from Santa Casa
de Sao Paulo School of Medical Sciences, under number 013/11.

2. Treatment

Animals were divided in groups of transgenic and non-transgenic animals treated or not with
lithium. Two groups of animals were treated from 2 months of age until 18 months of age (TG
Li16 and WT Li16). Other two groups of animals were treated from 10 months of age until 18
months of age (TG Li8 and WT Li8). Two other groups did not receive any treatment (TG Ctrl
and WT Ctrl). Lithium (in the form of Lithium Carbonate) was dissolved in water and admin-
istered ad libitum. The dose used was proportional to that used in a previous manuscript from
our group [5], i.e., 1.5 mg of lithium carbonate/day, which corresponds to 0.006 mEq of lith-
ium/Kg. This dose was adjusted according to mice pharmacokinetics [15,16], with the dose
correction index for humans multiplied by 10 [16]. The final dose was 0.005 mg/day/animal,
which corresponds to 0.25 mg/kg.

3. Behavioural Tests

3.1. Evaluation of Locomotor Activity. Spontaneous locomotor activity was measured as
described earlier [17,18], using an animal activity cage (model 7430, Ugo Basile, Comerio,
Italy). The apparatus consisted of a transparent acrylic cage (35 cm x 23 cm x 20 cm) with a set
of horizontal sensors to register locomotor activity and a set of vertical sensors to register
standing activity. At 6 and 18 months of age, each animal was placed alone inside the cage, and
locomotion was immediately recorded for 5 min. During this period, immobility and grooming
were also recorded.

3.2. Evaluation of Spatial Memory. Spatial memory was evaluated using the Barnes maze,
according to previous studies [19]. Briefly, the equipment was constituted by a white arena
(diameter 100 cm) positioned 1 m from the floor. The arena had 30 holes (5 cm diameter
each), disposed radially and a black cardboard wall around its circumference. The wall had
four yellow figures to add spatial orientation and, above the center of the arena, a fluorescent
lamp was placed. The illumination created an uncomfortable environment that motivated the
animals to escape from the arena to a dark box placed under one of the holes, filled with bed-
ding material. In the training session, each mouse was placed in the center of the arena under a
round acrylic box for 1 min. After that, the animal was released and the time to find the escape
box was registered. The maximal time allowed for the exploration was 5 min. If the animal did
not find the correct hole, it was gently conducted to the hole by the experimenter. Once inside
the box, the animal was left there for 5 min. Just after, all the protocols were repeated once
more. In the next 5 days (test days), twice a day, each mouse was placed inside the round acrylic
box for 1 min and left to explore the arena until it found the escape box or for a maximum of 5
min. The escape box was placed always in the same hole for the same animal but in different
holes among animals. The maze was cleaned using a 5% ethanol solution before the test of each
animal.
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Latency to find the escape box and the distance covered were assessed. Spatial memory was
evaluated every 3 months, as described in “Experimental Design”. In graphs, only the results
related to the 1** day of each evaluation were plotted.

3.3. Evaluation of anxiety. The anxiety behaviour was evaluated when the animals were
18 months old, using an elevated plus maze. The equipment was composed of two open arms
(50 x 10 cm) and two closed arms with the same dimensions, with 40 cm hight walls. The maze
was maintained 50 cm over the floor. Animals were left in experimental room for one hour
before the beginning of observations. After this period, each one was placed in the center of the
maze and the behavior was registered for 5 minutes. Time spent in open and closed arms as
well as number of entries in each arm were recorded and presented as the ratio of parameters
between open and closed arms.

Animals’ performance was recorded with a JVC Everio videocamera and analyzed with
Smart Software, version 2.5.21 (Panlab Harvard Apparatus).

3.4. Evaluation of aversive-related memory. To evaluate this type of memory an inhibi-
tory avoidance shuttle box was used (Ugo Basile, Italy). The box has two chambers, a dark and
a light one, separated by a guillotine-door. The method is based on the animal’s aversion for
light places and its preference for close and dark places. On the acquisition session, the animal
was placed in the light chamber. After 2 seconds the door was opened and the animal was left
to explore the box. When the animal entered the dark chamber, the door was closed and the
animal received an electrical stimulus, on paws, of 0.5 mA for 2 s. Time spent to get in the dark
chamber was recorded. After that, animal was returned to its home cage. Maximal time for ani-
mals staying in the box was 5 min.

On the test session, 24 h later, the animal was placed again in the dark side of the box and
the time spent to enter in the dark chamber was recorded again. The greater the latency, the
better the animal’s memory. Aversive-related memory was assessed when animals were 18
months old.

4. Time Line of Experimental Design

Treatment of WT16 and TG16 began when animals were 2 months old whereas treatment of
WT8 and TG8 began when mice were 10 months old (Fig 1). At 6 months of age, animals were
submitted to evaluation of locomotion and spatial memory. During all the treatment time, spa-
tial memory was evaluated every 3 months. At 18 months of age, besides the evaluation of loco-
motor activity and spatial memory, anxiety and aversive-related memory were also verified.
After the behavioural observations, animals were killed and the brains were collected for histo-
logical and molecular analysis (Fig 1).

5. Histological and biochemical analysis

After the behavioural tests, animals were anesthetized with isofluorane and brains were
removed, immediately frozen in 2-dimethylbutane (-45°C to -55°C) and stored at -80°C until
used. Half of each brain was used to histological analysis, so samples were cut (20 um) in a
cryostat (—20°C to —22°C, Microm HM525, Germany) and sections were mounted on gelatin-
coated slides, were desiccated for 5 min at room temperature and were kept at —80°C until use.
The other hemisphere was used to western-blot and ELISA analysis.

5.1. Evaluation of neuronal bodies density. The number of cellular bodies was evaluated
in the dentate gyrus (DG), CA1, CA2 and CA3 of the hippocampus and the frontal cortex,
using an antibody for the protein NeuN (ABN78, Millipore, USA). Frozen slides containing
brain samples were warmed to room temperature for + 10 min and then fixed with 100% ace-
tone at -20°C, at room temperature, for 5 min. The sections were washed in PBS and
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Fig 1. Time-line of the experimental protocol. Animals were treated from 2 or 10 months of age (arrow
heads). Behavioral experiments (arrows) began when all animals were 6 months old and were repeated
every 3 months. When all animals were 18 months old, the last behavioral observations were done, animals
were killed and brain tissue was extracted. MA: motor activity; BM: Barnes maze; EPM: elevated plus maze;
IA: inhibitory avoidance.

doi:10.1371/journal.pone.0142267.g001

endogenous peroxidase activity was blocked with 0.6% hydrogen peroxide in methanol for 20
min, and the sections were washed again in PBS for 5 min. Non-specific sites were blocked by
incubating with goat serum (normal serum) for 30 min and incubated with primary antibody
against NeuN (1:2000) for 2 h at room temperature. Then slides were washed in PBS for 5 min
and incubated with secondary antibody conjugated with biotin produced in the same serum as
used for the blocking step for 1 h at room temperature. After incubation, the sections were pro-
cessed with the avidin/biotin blocking kit (Vectastain Elite ABC Kit—Vector Laboratories Inc.,
USA) for 30 min and washed with PBS for 5 min. The immune complexes were detected using
diaminobenzidine (DAB) solution. Finally, slides were washed twice with water and were dehy-
drated through alcohol gradient starting at 75% ethanol up to 95% and 100% ethanol for 5 min
each. Then the slides were soaked twice in xylene for 5 min and mounted under coverslips. A
microcomputer-based image analysis system (MCID; Imaging Research, Interfocus Europe,
UK) coupled to a Nikon Eclipse E-600 microscope was used to acquire and calculate the pro-
portion of the stained area to the total test area (proportional area = stained area/total tested
area). Data were analized by the area occupied by positive DAB reactions. For the background
control, slices incubated only with the secondary antibody were used. Each animal had their
own slide for background control. Images were acquired in RGB and the range of detection of
positive immunolabelings was set for each animal. In this way, all the positive DAB reactions
were considered. Light levels were unchanged in slides of a batch. Values from each section
were averaged for each animal, and a mean was determined across animals. The person that
made the measurements was blind to the treatment.

5.2. Quantification of senile plaques. Brain samples (obtained as described above) were
warmed to room temperature (22°C) and were air dried (5-10 min). Slides were washed 5 times
in PBS and incubated in Thioflavine S solution 0.1% in PBS, containing 0.1%Triton, for 5 min.
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After that, sections were washed twice with PBS, incubated with ethanol 70% for 5 min and
washed, again, 3 times with PBS. At the end, sections were covered with coverslips using Fluor-
oshield with DAPI (Sigma, USA). All the process was done in a dark room. Analysis of senile pla-
ques labeled with Thioflavine S was performed using an optic microscope (Nikon Eclipse E-600),
with suitable filter for fluorescence. Pictures of plaques were taken just after the labeling, counted
manually and analysed dividing the number of plaques by the number of sections analysed.

5.3. Evaluation of synaptophysin density and GSK-3p activity. Cortical and hippocam-
pal tissues were homogenized in lysis buffer containing 50 mM Tris-HCI (pH 7.4), 0.1% Triton
X-100, 4 mM ethylene glycol tetraacetic acid (EGTA), 10 mM ethylenediamine tetracetic acid
(EDTA), a tablet with protease inhibitors (Complete EDTA-free, Roche Diagnostics, Germany)
and a phosphatase inhibitor cocktail tablet (PhosStop, Roche Diagnostics, Germany). The
supernatant fractions were subsequently centrifuged at 12,000 g for 15 min, at 4°C, to remove
debris, and total protein contain was determined according to previous published method [20].
Proteins (7 or 50 pg/lane, according to the protein of interest) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocel-
lulose membranes. To ensure equal protein loading, the Ponceau method was used to stain the
membranes before probing with the antibodies [21]. For Synaptophysin and GSK-3f, mem-
branes were preincubated with Tris (100 mM, pH 7.6) containing 0.1% Tween-20 and 0.9%
saline (TBST) and 5% non fat milk for 1 h. For phosphorylated GSK-38 (pGSK-3p), mem-
branes were blocked overnight with 5% bovine serum albumin (BSA) in TBST. After washing,
membranes were incubated overnight at 4°C with primary polyclonal rabbit synaptophysin
(abcam ab68851, 1:3000), GSK-3f (abcam ab18893, 1:200) or phosphoGSK-3f (abcam
ab131097, 1:1000) antibodies.

The membranes were washed and then incubated with a secondary biotinylated-antibody
horseradish peroxidase-conjugated Goat-anti-Rabbit IgG, diluted 1:4000 in TBST for 2 hours
at room temperature. The immune complexes were detected by chemiluminescence, using a
digital image system (ImageQuant™ LAS 500, GE, Sweden). After deteccion, membranes were
stripped with stripping buffer (200 mM glycine, 0.1% SDS, 1% Tween-20, pH 2.2) and then
incubated with B-tubulin antibody (abcam ab134185, 1:6000). The density of immunoblotting
was quantified with image J software [22]. Data were reported in relation to the intensity of B-
tubulin band. The activity of GSK-3 enzyme was determined as a ratio of pGSK-33/GSK-3p.

5.4. Determination of BDNF density. To determine BDNF content in cortex and hippo-
campus, it was used the ELISA Sandwich kit (BDNF Emax® ImmunoAssay System, Promega,
USA). Tissues samples were homogenized in lysis buffer 20 mM Tris-HCI, pH 8,0 containing 137
mM NaCl, 1% Triton-X, 10% glycerol and a tablet with protease inhibitors (Complete EDTA-
free, Roche Diagnostics) and the assay was processed according to manufacturer’s instruction.

6. Statistical analysis

Behavioural data obtained in Barnes maze were expressed as means + standard errors and ana-
lysed by repeated measures two-way ANOVA followed by Bonferroni post-hoc test.

Data obtained in motor activity cage were expressed as means + standard errors and ana-
lysed by two-way ANOVA followed by Bonferroni post-hoc test.

Data obtained in elevated plus maze were expressed as means + standard errors and ana-
lysed by one-way ANOV A followed by Tukey’s multiple comparison test.

Data obtained in inhibitory avoidance shuttle box were expressed by medians and inter-
quartile ranges and analysed with two-way ANOVA followed by Holm-Sidak’s multiple com-
parison test. When appropriate, comparison between WT Ctrl and TG Ctrl groups were made
using Student-t test.
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Data related to all other experiments were analysed by Student-t test or one-way ANOVA
followed by Tukey’s multiple comparison test, when aplicable. Since brain samples were
divided in order to allow histological and molecular analysis, in some experiments the number
of replicates (n) were on the low side. In this way, data were analyzed using Kruskal-Wallis
non-parametric one-way ANOVA followed by Dunn’s multiple comparison test.

All analysis were done using StatSoft, Inc. (2013) STATISTICA (data analysis software sys-
tem), version 12, www.statsoft.com. Values were considered significant when P < 0.05.

Results and Discussion
1. General observations

The motivation of this work to investigate the preventive and therapeutic effects of microdose
lithium in transgenic mice for AD, focusing on its molecular effects, was based on previously
reported neuroprotective mechanisms of lithium and its toxicity in weight-based dosing [6,10],
mainly in the elderly. Moreover, this work follows on previous results with the microdose of
lithium (1.5 mg/day) as a stabilizer of cognitive loss in patients diagnosed with Alzheimer’s dis-
ease (AD) [5].

Lithium was administered as lithium carbonate in the dose 1.5 mg/day. The concentration
of lithium to be dissolved in water during all the observation time, as long as the necessity of
dose adjustment during the period, were determined according to mice water consumption.
Detection of a significant diference in the ingested volume of water of treated versus untreated
animals is important to advise possible renal toxicity, which will lead to increases in water com-
sumption [23]. However, no significant difference was observed in water ingestion between
lithium treated and untreated groups (data not shown).

Toxicity was also monitored by mortality index (number of deaths/total number of animals)
and animals’ age at death. No difference among groups were detected (P = 0.2349, data not
shown). Among WT mice, only two animals died between 12 and 18 months of age, indenpen-
dent on the treatment they were submitted to. In TG group, there were 3 deaths among TG
Ctrl, one death among TG Lil6 animals (between 15 and 18 months of age) and no deaths
among TG Li8 group.

2. Mobility

The behavioural tests used in this project depend on good locomotor activity, as animals need
to explore the mazes and equipment to have their behavior evaluated. In order to verify if lith-
ium microdose interfered with this activity, animals were submitted to mobility tests at 6 and
18 months of age. Considering locomotion, no diference was observed between Control WT or
TG animals at both 6 and 18 months of age (Fig 2A). Treatment of TG mice with lithium did
not change their locomotor activity as well (Fig 2B). It has been reported that transgenic animal
models for Alzheimer disease present greater motoractivity in open field and object recognition
tasks. This can be due to cortical and hippocampal atrophy in some of those animals
[24,25,26]. However, this increase in locomotion was not verified in the present work. In WT
groups, treatment with lithium did not influence locomotion (S1 Fig).

3. Evaluation of anxiety

Anxiety, a common disorder observed in AD patients [27], was evaluated to verify if the lith-
ium treatment could alter this behavior. Elevated plus maze is a test whose foundation is based
on the conflict between the natural tendency of rodents to explore a novel environment versus
the natural tendency to avoid narrow elevated open areas [28]. In our experiments, we
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Fig 2. Treatment with lithium did not interfere in motor activity of the animals, both WT and TG. There was no difference in locomotion when WT and
TG mice were compared, at 6 (WT, n=10; TG, n=7) and 18 months-old (WT, n=10; TG, n = 7) (A). In the first evaluation, at 6 months, TG group presented
greater rearing behavior than WT (B). Between the transgenic groups, we observed no difference in locomotion in both ages analyzed (C), but TG Ctrl (n=7)
showed more rearing behavior than TG Li8 (n = 9) and TG Li16 (n = 7), at 6 months of age. Data are plotted as mean + SEM of arbitrary units. * P<0.05.

doi:10.1371/journal.pone.0142267.9002

measured this behavior as the ratio of the number of entries in open arms over the number of
entries in closed arms and also the ratio of time spent in open arms over time spent in closed
arms. There was no difference in both parameters when TG Ctrl and WT Ctrl animals were
compared (P = 0.2721 and P = 0.4915, respectively,Fig 3A and 3C) showing that initially, ani-
mals from both strains had the same behavior. Besides, TG animals treated for 16 months
showed significant increase in the proportion of entries in open/closed arms (P < 0.05), indi-
cating a rise in anxiolytic behavior, although no significant difference was observed in the ratio
among time spent in both arms (Fig 3B and 3D). Treatment of WT group with lithium micro-
dose for 16 months also increased the proportion of entries in open/closed arms (P < 0.05) but
did not modify the time spent in both arms (S2 Fig), indicating that even in the absence of a
neurodegenerative process, this treatment can reduce anxiety.

It was already reported that animal models for AD, including APPSwInd, present increased
anxiety and locomotor activity [29,30]. In our experiments, however, these behaviours were
not observed. Nevertheless, other works [31] showed that treatment with lithium was effective
to control anxiety in rats. In line with this description, in the present work an increase in anxio-
lytic-like behavior was observed. This suggests that lithium microdose may turn the general
behavior to a calmer state, which may contribute in a chronic treatment to the efficacy of the
pharmacological strategy.

4. Evaluation of spatial memory

Spatial memory was evaluated using a Barnes maze, an appropriate apparatus to follow an ani-
mal’s behaviour along the aging process, as animals do not need to be exposed to water. In this
way, stress level is lower and this method is being used as an alternative to Morris water maze [32].

Hippocampus and some areas of the brain cortex are recruited during spatial memory for-
mation and recovery. In this way, mice and rats with hippocampal lesions present decreased
performance in Barnes maze [33]. Besides, this is one of the most compromised areas in
patients with Alzheimer’s disease [34].
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Fig 3. Lithium treatment reduces anxiolytic behavior in TG mice. Animals of both WT (n = 10) and TG (n = 5) strains were tested in Elevated Plus Maze
when they completed 18 months old. Number of entries (A, C) and time spent (B,D) in closed and open arms were recorded and the ratio open/closed were
plotted. There was no difference between WT and TG mice both in the proportion of entries and time spent in each arm (A,B). TG Li16 (n = 7) presented an

increase in proportion of entries in relation to TG Ctrl and TG Li8 (n = 7) (C), although there was no difference among the groups for the ratio of time spent in

open/closed arms (D). Data are plotted as mean + SEM of ratios. *: P < 0.05

doi:10.1371/journal.pone.0142267.9003
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and we used a five-day protocol, exposing the animal twice a day to the task (Acquisition Session); latency was recorded. Both WT (n = 12) and TG Ctrl

(n =7) mice learned the task, as there is a reduction in latency to find the escape box in day 5 comparing to day 1 (A). Animals were re-exposed to the
protocol every 3 months and TG Ctrl could not retain the memory, as its latency rose in test 2 (at 12 months of age) and kept higher than the latency of WT
group up to the end of the experiments (A). We next compared the three TG groups and all of them learned the task, at 6 months of age (Acquisition Session).
The treated groups, TG Li8 (n = 7) and TG Li16 (n = 8), did not present increased latency as did TG Ctrl, which means that the treatment with lithium was
effective in preventing the loss of memory. Data plotted are mean + SEM of latency. a: P<0.01, comparing days 1 and 5 within the groups; b: P <0.01, WT
Ctrlvs TG Ctrl. *: P <0.05, TG Ctrl vs TG Li8 and TG Li16.

doi:10.1371/journal.pone.0142267.9004

The animals’s first exposure to the maze was considered the “acquisition session”. Animals
were submitted to the equipment twice a day, for 5 days, when they were 6 months old. All ani-
mals, regardless the strain, presented a significant reduction in latency to find the escape
box [F(1,120) = 8.22, P < 0.01) concerning the first (WT: 99.1 + 24.8 s; TG: 81.0 + 26.9 s) and
the 5™ days (WT: 32.7 + 9.2 5; TG: 39.2 + 9.4 5), showing that all animals, at that age, had the
capacity to learn the task. (Fig 3A). In the following months, spatial memory was evaluated
every 3 months using the same protocol. TG Ctrl showed significant higher latencies to find
the escape box when compared to WT Ctrl [F;, 131) = 8.22, P < 0.01], suggesting to have worse
spatial memory. (Fig 4A). At 9 months, no difference in latencies of WT Ctrl or TG Ctrl ani-
mals was observed, neither among TG Ctrl nor TG treated animals. However, at later time
points, TG animals treated with lithium for 8 or 16 months maintained the spatial memory of
the maze, as their latency to find the escape box was significantly lower than TG Ctrl [F(,, 156 =
10.47, P < 0.0001) (Fig 4B). It is important to point out that the improvement in behavior of
TG Lil6 can be due to improvements in the learning process, since those animals began the
treatment with lithium four months before the training session. On the other side, the observed
inprovement in TG Li8 may be related to better consolidation or retrieve of memory, since
they learned the task at 6 months of age and the treatment began when they were 10 months
old. This is remarkable information, as lithium microdose can be efficient to improve learning,
memory consolidation and information retrieval. In the WT group, animals from both treat-
ment times with lithium maintained spatial memory along the observed period (S3 Fig).

In addition, distance covered to find the escape box and time spent in the target quadrant
was evaluated in the last test, when animals were 18 months old. There was no difference in the
distance covered by all groups. Nevertheless, regarding the time spent in the target quadrant, it
was observed that TG Ctrl animals spent significant less time in the target quadrant (22.8 + 4.9
s, P < 0.01) when compared to WT Ctrl animals (44.5 £ 4.0 s) (Fig 5A). However, the
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Fig 5. Lithium treatment increased the time spent in the target quadrant in Barnes maze. At 18 months of age the time spent in the target quadrant
during the last Barnes maze test was evaluated. Control TG animals spent less time in the quadrant where the escape box was located. However, after the
treatment with lithium for 8 or 16 months, this time was significantly increased indicating that those mice could remember where the escape box was located

(a@: P <0.01).

doi:10.1371/journal.pone.0142267.9005

treatment with lithium for 8 or 16 months increased that time, a significant difference being
observed in animals treated for 16 months (52.3 £ 6.8 s, P < 0.001), when compared to TG Ctrl
animals (Fig 5B). There was no difference in this behavior concerning WT animals treated
with lithium (54 Fig).

So, treatment with lithium since 2 months of age until the elderly was effective in maintain-
ing spatial memory of mice with or without neurodegeneration.

6. Evaluation of aversive-related memory

Aversive-related memory was evaluated in inhibitory avoidance equipment when animals were
18 months old. This test depends on the amygdala and the hippocampus, which is also a brain
area affected in Alzheimer’s disease [35], bringing consequences for declarative and non-
declarative memories.

Two sessions were performed (acquisition session-AS, and test session—TS), with a 24h
time separating them. Initially, acquisition session of WT Ctrl and TG Ctrl were compared and
it was verified that they were significantly different. Latency of TG Ctrl [103.30 s (73.40/134.30)
s] was significantly higher than WT Ctrl [46.20 s (15.98/69.23) s, P < 0.05] (Fig 6A). Treatment
with lithium for 8 or 16 months significantly reduced the time to enter the dark side in AS [29.8
§ (22.7/40.0 s and 36.6 (19.8/42.4) s, respectively], when compared to TG Ctrl AS (Fig 6B).

In test session, it was observed that WT Ctrl animals were clearly able to remember the task,
since latency to enter the dark box was significantly higher in the TS [298.0 s (184.0/298.0 s)
when compared to AS [46.2 s (16.0/69.2 s), P < 0.01]. However, among TG Ctrl animals there
was no significant difference between TS [216.0 s (137.0/298.0 s)] and AS medians [103.3 s
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Fig 6. Lithium treatment protected TG mice from losing aversive-related memory. This type of memory was evaluated using an inhibitory avoidance
apparatus in which animals were placed in a light box with access to a dark one, where they received a shock on the paws. The latency (max. 300s) to pass
to the dark side was registered. Test session (TS) was performed 24 hours after acquisition session (AS). TG Ctrl (n = 7) showed higher latency in AS than
WT (n = 10), and only the latter could remember the task, not passing to the dark side (A). Lithium reverted this resultin TG Li8 (n =8) and TG Li16 (n=9), as
the latency in TS of these groups was higher than in AS. Data plotted are median and interquartile range. *: P <0.05, a: P <0.01, #: P <0.05 in relation to TG
Ctrl “AS”.

doi:10.1371/journal.pone.0142267.g006

(76.4/174.3 5)] (P = 0.1563, Fig 6A). Although some mice may remember the task (and maybe
that is the reason why TS from WT Ctrl and TG Ctrl were not statistically different), the major-
ity did not recognize and did not remember that the dark side of the shuttle box as aversive..
Treatment with lithium for 8 or 16 months significantly increased the latency to enter the dark
side of the box by 7.9 times and 6.3 times [298.0 s (139.0/298.0 s, P < 0.05 and 299 s (298/300
s, P < 0.01)] respectively, when compared to latency in AS [29.8 s (22.7/40.0 s and 36.6 (19.8/
42.4) s], respectively (Fig 6B). With these observations, it is possible to suggest that lithium
treatment in microdose protects different types of memory processing from degradation.
Besides, WT groups treated with lithium for 8 or 16 months also had their memory maintained
along the aging process (P < 0.01 and P< 0.001, respectively) (S5 Fig). As mentioned before,
our research team has already shown that the use of this microdose prevented memory deficit
in human subjects. However, the effects were evident after a minimum of three months treat-
ment [5]. This is probably due to some important brain adaptations that occur during the heal-
ing (or protection) process in the presence of lithium, as decribed next.

7. Histopathological analysis

Disruption of memory decay along the aging process of this murine model of Alzheimer’s dis-
ease can be related to promotion of neuroplasticity in brain areas related to cognitive domains.
Neuroplasticity involves structural changes that may lead to functional improvements, which
can explain the behavioral changes observed with the lithium treatment.

In this way, the density of neurons was evaluated in the hippocampus and prefrontal cortex
using an antibody for NeuN protein. In some hippocampal areas such as CA1, CA2 and CA3
and the polymorphic layer of dentate gyrus (PoDG) no difference between WT Ctrl and TG
Ctrl samples was observed. In the same way, treatment with lithium did not change the density
of NeuN in these areas (data not shown). However, in the granular layer of the dentate gyrus
(GrDG), a significant reduction of 39.5% in NeuN labeling was observed in TG Ctrl animals,
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when compared to WT Ctrl samples (P < 0.05) suggesting a loss of cells in this area (Figs 7A
and 8B and 8D). Treatment with lithium for 16 months significantly protected brains from this
loss (P < 0.05), maintaining the density similar to WT Ctrl group (Figs 7B and 8F and 8H). In
WT groups treated with lithium no difference in NeuN density in hippocampus or cortex was
observed (S6 Fig).

These observations are in line with others that already described that lithium increases neu-
rogenesis in the sub-granular zone of GrDG and prevents hippocampal apoptosis [36-37].
This can be related to the improved performance of animals from TG Lil6 group in Barnes’
maze that presented better memory than TG Ctrl group. The hippocampus is highly recruited
in this task and GrDG is involved in memory events that can be predicted by the animal [38-
39] in order to navigate in a place that rescues spatial memory. For this, GrDG cells receive
inputs from the entorhinal cortex perforant pathway [40]. GrDG acts like a learning net that
withdraws input redundancies (sensorial inputs such as vestibular, olphactory, visual, audictive
and somatosensorial) leading to more categorized outputs to be used in CA3 [41]. In this way,
one can solve separation patterns of spatial clues [42]. GrDG plays an important role in data
codification, helping to build spatial representations for posterior CA3 area.

Preservation in neuronal density in GrDG can also be associated with the anxiolytic effect
observed in mice treated with lithium in the elevated plus maze test. Inputs to GrDG can
reduce anxiety without affecting the learning process [43].

In the prefrontal cortex TG Ctrl mice displayed lower NeuN density than WT Ctrl animals,
but this did not reach statistical significance. (Figs 7C and 8A and 8C). While no significant
change in NeuN labeling was observed in TG Li8 samples (Figs 7D and 8E), treatment with
lithium for 16 months significantly increased the density of neurons by 4 times (P < 0.05),
when compared to TG Ctrl samples (Figs 7D and 8G), meaning that this treatment was able to
protect the animal from the neuronal loss that was imposed by the disease. The prefrontal cor-
tex is endowed with the expression of remote memories and the cingulate cortex, specifically, is
directly related to the formation and retrieval of remote spatial memory [44,45] and with the
hippocampus coordinated spatial memory [46]. During aging, neuronal activity is spread in
the prefrontal cortex of both hemispheres as a system of compensation against neurodegenera-
tive changes that may occur along the process [47]. Also, prefrontal region interacts function-
ally with both the ventral and dorsal brain. This area is being implicated as a neural center for
attention driven by stimulus and objectives [48].

Besides the neuronal density, the preservation of synaptic terminals was also verified using
an antibody against synaptophysin (p38) which is a transmembrane glycoprotein located in
pre-synaptic vesicles [49]. A decrease in synaptophysin density was described earlier in this
murine model of neurodegeneration [12], however, in the present study no difference between
WT Ctrl or TG Ctrl animals was observed (S7 Fig). In the same way, the treatment with lithium
made no difference in the density of this protein. This phenomenon was observed earlier by
our group [50] and others where no significant difference in synaptophysin western-blotting
between APP23 mice and wild-type controls were verified at 3 and 25 months of age [51] and
could be explained by the enlargement of synaptic size to compensate de decrease in synapse
number [52,53]. Also, the abscense of synaptophysin decrease could be related to a recognized
trophic effect of APP contributing to a compensatory mechanism preventing or delaying the
synaptic loss in face of the neuronal loss [54].

Still focusing on neuroplasticity, brain-derived neurotrophic fator (BDNF) was quantified
in total hippocampus and cortex. This protein is involved in synaptic changes that occur during
long-term potentiation and, as a consequence, in long-term memory formation [55]. In Alzhei-
mer’s disease animal models, there is a decrease in density of BDNF [56] and lithium in higher
dosis increased BDNF in cortex and hippocampus [57]. In fact, increase in BDNF levels may
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Fig 7. Lithium treatment prevented neuronal loss in TG mice treated for 16 months in GrDG and increased the density of neurons in prefrontal
cortex. Brains sections were immunolabeled with NeuN antibody. TG Citrl (n = 5) group had a decrease in proportional area stained compared to WT Citrl
(n=4) (A). Treatment with lithium for 16 months, however, prevented TG Li16 group (n = 5) from this neuronal loss (B). The treatment for 8 months was not
enough to produce the same effect, as proportional area stained in TG Li8 (n = 5) was not statistically different from TG Ctrl. In prefrontal cortex (PFC), there
was no difference between WT and TG (C), but treatment with lithium resulted in higher proportional area stained in TG Li16, compared to TG Ctrl (D). Data
plotted are median and interquartile range. *: P < 0.05.

doi:10.1371/journal.pone.0142267.9007
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Fig 8. Representative figures of anti-NeuN immunoreactivity in frontal cortex and hippocampus of WT Ctrl (A and B), TG Ctrl (C and D), TG Li8 (E
and F) and TGLi16 (G and H) groups. The coronal sections shown are at approximately the same anatomical level (left panels 1.98 mm and right panels —
1.58 from Bregma). Representative images are from samples run in the same batch during immunohistochemistry procedure. Images in each row belong to
the same animal and match with the animals showed on panels of thioflavine-S staining figure. Figure abbreviations for cortical areas: Fr3, frontal cortex,
area3; M1, primary motor cortex; M2, secondary motor cortex; Cg1, Cingulate cortex, areal; PrL, prelimbic cortex; IL, infralimbic cortex. Anatomical
localization and abbreviations of hippocampal structures are described in the line drawing in “panel B” of thioflavine-S staining figure. Scale bar is 400 um.

doi:10.1371/journal.pone.0142267.9008
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happen in many brain regions, maybe related to increase in mRNA exon IV and activity of
BDNF promoter IV [58].

In the present study, although the analysis of BDNF density in hippocampus and cortex
were performed with only three samples of each group, some preliminary and exciting findings
can be described. In the hippocampus there was no difference in total BDNF density of TG
Ctrl animals, when compared to WT Ctrl (Fig 9A and 9C). In the same way, no difference in
hippocampus was observed with the treatment of animals with lithium (Fig 9B). However, in
the cortex, as observed with NeuN labelling, TG Ctrl group presented lower BDNF density
than WT Ctrl, with no statistical difference. Nervertheless, treatment of TG mice with micro-
dose lithium for 16 months significantly increased (P < 0.05) by 2.5 times the density of this
neurotrophin in cortex, when compared to the density of TG Ctrl mice [0.38 (0.30, 0.49) pg/
mg protein, Fig 9D]. Probably the maintenance of neuronal bodies in cortex was promoted by
the increase in neurogenesis, with increase in BDNF.

Treatment of WT animals with lithium did not alter BDNF density in the cortex or hippo-
campus (S8 Fig).

It was already reported that BDNF/TrkB signaling pathways are essential to normal cortical
neurogenesis [59]. This neurotrophin also stimulates activation of endothelial nitric oxide
synthase (eNOS) which promotes NO increase in neural stem cells that reciprocally regulate
BDNF expression. This mechanism was verified after cerebrovascular accident in mice [60].

In the hippocampus, the observed neuroprotection may be related to other molecular mech-
anisms [61], but BDNF. One probable molecular pathway for the neuroprotection promoted
by lithium chronic treatment is the protection against excitoxicity induced by glutamate medi-
ated by NMDA receptors, as lithium can inhibit calcium influx through NMDA receptors
[62,63]. Also, it was already described that lithium treatment can induce survival molecules in
the frontal cortex, such as Bcl-2, an anti-apoptotic protein that inhibits the release of cyto-
chrome-C from mitochondria, regulating permeability of the external mitochondrial mem-
brane [64,65]. Besides, lithium can also keep homeostasis in endoplasmatic reticulum and
induce neurogenesis by inhibition of GSK-3 protein and activation of ERK cascades [66,67].

Neuroprotection was also verified determining the potential of the treatment with lithium
microsode to inhibit the formation of senile plaques. Senile (or amyloid) plaques are one of the
main characteristics of Alzheimer’s disease. They are composed of a central core with amyloid
fibrils surrounded by dendrites, distrophic axon terminals and activated microglia [68]. In this
work a great number of plaques were observed in the brain of transgenic animals [(27.55
(15.00, 50.15) plaques/slice/animal, Figs 10A and 11C and 11D]. The treatment with lithium
for 8 months, decreased the number of plaques in TG mice, but it was not significant (Figs 10B
and 11E and 11F). However, treatment for 16 months significantly reduced by 98% (P < 0.01)
the density of plaques in TG animals, when compared to the control group (Figs 10B and 11G
and 11H). These data reinforces the neuroprotective role of lithium against the characteristic
neurodegeneration observed in Alzheimer’s disease.

Inhibition of plaque formation seemed to be essential to the observed behavioural alter-
ations, as deposition of plaques in hippocampus has already been associated to changes in
behavior of mice [70] and humans [71]. One of the most known pathways related to formation
and pathogenicity of amyloid plaques is GSK3 pathway. The isoforms GSK-3o. and GSK-3 are
related to the neurodegenerative process of Alzheimer’s disease by its mechanisms of tau pro-
tein hyperphosphorylation and plaque formation stimulus involving induction of inflamma-
tory cascades, increases in the production of amyloid- peptide, among other pathways
activated by this enzyme [72,73,74]. Although not tested in the present work, other hypothesis
that can be involved with the molecular mechanism of amyloid plaques formation or degrada-
tion is the autophagy and the increase in oxidative stress. Autophagy is a process that is
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Fig 9. Lithium treatment for 16 months increased BDNF levels in cortex of TG mice. Brain homogenates were tested to BDNF by ELISA. There was no
difference in BDNF levels either in hippocampus (A) or in cortex (C) of TG Ctrl (n = 3) when compared to WT Cirl (n = 3). In the same way, lithium treatment
did not influence in BDNF levels in hippocampus of TG mice (B). In cortex, however, TG Li16 (n = 3) presented higher levels of the neurotrophic factor,
compared to TG Ctrl. Although TG Li8 has presented a slight increase in BDNF, it was not significant. Data plotted are median and interquartile range. *:

P <0.05.

doi:10.1371/journal.pone.0142267.9g009
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Fig 10. Lithium treatment reduced the number of amyloid plaques in TG mice. Brains sections were stained with Thioflavine-S and plaques were
counted in the whole section. The ratio of plaques/slice is plotted. WT Ctrl (n = 4) did not present any plaques. Treatment with lithium during 16 months
reduced the number of plaques in TG Li16 (n = 5) compared to TG Ctrl (n = 6). TG Li8 (n = 5) also presented a reduction but it was not statistically different.
Data were plotted in median and interquartile range. *: P <0.01.

doi:10.1371/journal.pone.0142267.9010

negatively regulated by mTOR and positively regulated by inhibition of inositol monophospha-
tase; both of them may be regulated by chronic treatment with lithium [75, 76]. Besides, it was
already reported that the reduction in autophagy promotes neurodegeneration similar to Alz-
heimer’s disease in mice [77]. The oxidative stress, a mechanism directly associated to produc-
tion of amyloid-p peptide [67] is another pathway that can be inhibited by lithium [78] and
could be another explanation for the observed reduction of amyloid plaques.

In other to verify one of those possible mechanisms of neuroprotection, GSK-3 activity
was studied in brain homogenates of transgenic mice. GSK-3 family was highly conserved
along the evolution. In humans it is coded by two distinct genes: GSK-3o. (51 kDa) and GSK-
3B (47 kDa) [6]. This enzyme family has an important role in cellular survival and apoptosis
[79]. Both isoforms are related to Alzheimer’s disease [80,74].

Lithium is the major inhibitor of these enzymes. It induces phosphorylation in inhibitory
serine sites [80,81,82] and evaluation of the enzymes activity is critical for the understanding of
lithium effects.

The activity of GSK-3B was quantified in the cortex and the hippocampus by the proportion
of density of phosphorylated (inactive) form and the total density of the enzyme. With this
microdose, no statistical difference was observed in this activity in both areas (S9 Fig). The lack
of difference in pGSK3-f was already described in another hAPP transgenic mice model when
compared to WT mice [8]. In that same work, a decrease in the activity of pGSK-3 after the
treatment with lithium in a concentration 80 times higher than the dose we used (20 mg/kg/
day/ versus 0.25 mg/kg/day) was described.

Despite the beneficial effect of GSK-3 inhibition for the decrease of A deposition [8,9]
and tau hyperphosphorylation [83], the decreased activity of this enzyme could lead to
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Fig 11. Representative figures of thioflavine-S staining in the hippocampus of WT Ctrl (B), TG Ctrl (C),
TG Li8 (D) and TGLi16 (E) groups. The coronal sections shown are at approximately the same anatomical
level (-1.58 from Bregma). Representative images are from samples run in the same batch during staining
procedure. Images match with the animals showed on Fig 8. Hippocampal areas are described on line draw
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from “A” and the dotted square depicts the approximated area shown on panels “B” to “E”. Structure
abreviations were cited according to Franklin and Paxinos, 2008 [69]. Figure Abbreviations: cg, cingulum;
CA1, field CA1 of hippocampus; CA3, field CA3 of hippocampus; Lmol, stratum lacunosum moleculare of the
hippocampus; CA2, field CA2 of hippocampus; Py, pyramidal cells of field CA1 of hippocampus; PoDG,
polymorphic layer of the dentate gyrus; GrDG, granular layer of the dentate gyrus; MoDG, molecular layer of
the dentate gyrus; fi, fimbria. Scale bar is 160 pm.

doi:10.1371/journal.pone.0142267.g011

deleterious conditions in the brain, since GSK-3p regulates developmental processes, including
neurogenesis, migration, axon growth and guidance, and synaptic plasticity [84]. Its activity is
controlled through several signaling pathways activated by growth factors, wingless (Wnt) pro-
teins, G-protein-coupled receptors (GPCR), B-arrestin, among others [85]. Also, GSK-3 plays
an important role in various aspects of the regulation of glucose transport and metabolism.
Chronic inhibition of GSK-3 enhanced glucose uptake and glucose transporter 1 (GLUT1)
expression in TSC2-expressing (tuberous sclerosis complex 2) cells but not in cells lacking
functional TSC2 [86]. In this way, the decrease in GSK-3 activity could lead to a pathological
increase in intracellular concentration of glucose [87]. Our data showing the decrease in amy-
loid deposition due to lithium treatment, as well as memory and neuronal density preservation,
and no significant alterations in pGSK-3p reinforces the relevance and safety of microdose lith-
ium treatment. Than, the hypothesis that a long duration undetectable inhibition of GSK-38
could be enough to change the Ap accumulation along the aging process should be considered.

Recently it was shown that long-term lithium treatment reduces glucose metabolism in the
cerebellum and in the hippocampus of nondemented older adults. These alterations were not
associated with any clinical evidence of toxicity and clinical implications need to be clarified
[88]. It should be remarked that those authors used doses varying from 150 to 600 mg/day of
lithium salt, which could implicate in metabolic alterations due to GSK-3 inhibition and cellu-
lar toxicity, as discussed above.

In the present work, considering the treatment duration, slight differences in the activity of
this enzyme could happen and contribute to the general improvement in cerebral functioning
in TG mice. More studies are needed to confirm this hypothesis. In WT animals treated with
lithium, no difference in the GSK-3p activity was observed as well (S9 Fig).

Conclusion

This work is the first to show that chronic microdose lithium treatment can prevent memory
deficits caused by progressive neurodegeneration. In addition, it is the first to show that this
treatment can alter the neurohistopathological characteristics of Alzheimer’s disease. In this
way, the treatment did not alter the animals’ mobility, but drove transgenic mice to a less anx-
ious state, which may contribute to the treatment along the aging process.

Protection of both aversive-related and spatial memories was observed, making their behav-
ior similar to that observed in age-matched controls. This improvement was correlated to neu-
roprotection, as lithium protected the neuronal loss in the hippocampus and increased the
density of neurons in the prefrontal cortex. This could be related to improvement in attention
and memory retention along treatment.

Treatment with lithium also increased BDNF density in the cortex which accounts for
advances in neuronal communication that is surelly degraded in neurodegenerative processes.
This degration is also related to the presence of senile plaques. Plaques density was significantly
reduced with the chronic treatment with lithium.

Lithium treatment did not promote behavioral or neurohistopathological alterations in WT
animals suggesting that it could be used as a safe preventive pharmacological therapy, despite
knowing if the individual will develop or not Alzheimer’s disease.
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It is possible that microdose lithium has suppressed expression of the APP transgene in TG
mice which would explain most of the results presented here. Although this hypothesis was not
tested, it cannot be totally excluded.

Taking together, these data reinforce the protective effect of lithium already observed in
human subjects. Moreover, they form an important basis to ensure that lithium microdose can
alter the pathological characteristics of Alzheimer’s disease, leading to a new hope for the thera-
peutic treatment of the disease.

Supporting Information

S1 Fig. Treatment with lithium did not influence locomotion of WT animals.
(TIF)

S2 Fig. Treatment with lithium can reduce anxiety even in absence of neurodegeneration.
(TIF)

S3 Fig. WT animals trated with lithium maintained spatial memory.
(TIF)

$4 Fig. Lithium treatment did not influence the strategy to find the target in Barnes maze.
(TIF)

S5 Fig. Lithium treatment preserved the aversive-related memory of WT mice.
(TIF)

S6 Fig. Density of neurons was maintained in WT mice treated with lithium.
(TIF)

S7 Fig. Lithium treatment did not influence synaptic labeling. There was no difference in
synaptophysin labeling between WT Ctrl and TG Ctrl animals. In the same way, lithium treat-
ment did not influence synaptic density in both WT or TG groups.

(TTF)

S8 Fig. Lithium treatment did not alter BDNF density of WT animals.
(TIF)

$9 Fig. No difference in GSK-3p activity was observed in the brain areas of treated mice.
GSK-3 activity was measured by the proportion of density of phosphorylated (inactive) form
and the total density of the enzyme. There was no difference in GSK-38 activity between WT
Ctrl and TG Ctrl animals. In the same way, microdose lithium treatment did not change the
GSK-3p activity in WT or TG mice.

(TIF)

Acknowledgments

Authors want to thank Dr. Wagner Montor for English review. This work was supported by
grants from FAP-Santa Casa/2011, Fundagdo de Amparo a Pesquisa no Estado de Sao Paulo
(FAPESP 2012/12917-3). Nunes, M.A, Baraldi-Tornisielo, T., were fellowship recipients from
CAPES-PROSUP; Monteiro-Silva, K. and Sousa, S.I.G. were fellowship recipients from PIBIC/
CNPg; Balthazar, J. and Albuquerque, M.S. were fellowship recipients from CAPES and
Schowe, N.M. was fellowship recipient from FAPESP (2013/19999-8). Buck HS is a fellowship
recipient from CNPq (303283/2014-9). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 21/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142267.s009

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

Author Contributions

Conceived and designed the experiments: MAN TAV HSB. Performed the experiments: MAN
NMS KCMS TBT SIGS JB MSA ALC. Analyzed the data: MAN NMS TAV HSB. Contributed
reagents/materials/analysis tools: TAV HSB. Wrote the paper: MAN NMS TAV HSB.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

Fjell AM, McEvoy L, Holland D, Dale AM, Walhovd KB. What is normal in normal aging? Effects of
aging, amyloid and Alzheimer’s disease on the cerebral cortex and the hippocampus. Prog. Neurobiol.
2014; 117:20—40. doi: 10.1016/j.pneurobio.2014.02.004 PMID: 24548606

Raiji CA., Lopez OL, Kuller H; Carmichael OT, Becker. Age, Alzheimer disease, and brain structure.
Neurology. 2009; 73:1899-1905. doi: 10.1212/WNL.0b013e3181c3f293 PMID: 19846828

Hardy J, Selkoe DJ. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the
Road to Therapeutics Science. 2002; 297: 353:356. PMID: 12130773

Braak H, Braak E. Entorhinal-hippocampal interaction in amnestic disorders. Hippocammpus. 1993; 3
(spec):239-246.

Nunes MA, Viel TA, Buck HS. Microdose Lithium Treatment Stabilized Cognitive Impairment in Patients
with Alzheimer’s Disease. Cur Alz Research, 2013; 10(1):1-4.

Jope RS, Johnson GV. The glamour and gloom of glycogen synthase kinase 3[J]. Trends Biochem Sci.
2004; 29:95-102. PMID: 15102436

Forlenza OV, De-Paula VJ, Diniz BS. Neuroprotective effects of lithium: implications for the treatment
of Alzheimer's disease and related neurodegenerative disorders. ACS Chem Neurosci. 2014; 5
(6):443-450. doi: 10.1021/cn5000309 PMID: 24766396

Rockenstein E, Torrance M, Adame A, Mante M, Bar-on P, Rose JB, et al. Neuroprotective effects of
regulators of the glycogen synthase kinase-3beta signaling pathway in a transgenic model of Alzhei-
mer's disease are associated with reduced amyloid precursor protein phosphorylation. J Neurosci.
2007;27(8):1981-1991 PMID: 17314294

Ly PT, WuY, Zou H, Wang R, Zhou W, Kinoshita A, et al. Inhibition of GSK3B-mediated BACE1 expres-
sion reduces Alzheimer-associated phenotypes. J Clin Invest. 2013; 123(1):224—235 doi: 10.1172/
JCI64516 PMID: 23202730

Okusa MD, Crystal LJT. Clinical manifestations and management of acute lithium intoxication. Am J
Med. 1994; 97:383-389. PMID: 7942943

Mucke L, Masliah E, Yu G-Q, Mallory M, Rockenstein EM, Tatsuno G, et al. High-level neuronal expres-
sion of AR 1-42 in wilde-type human amyloid precursor transgenic mice: synaptotoxicity without plaque
formation. J Neurosci. 2000; 20:4050—4058. PMID: 10818140

Hsia AY, Masliah E, Mcconlogue L, Yu G-Q, Tatsuno G, Hu K, et al. Plaque-independent disruption of
neural circuits in Alzheimer’s disease mouse models. Proc. Natl. Acad. Sci. USA. 1999; 96:3229-3233.

Nicolakakis N, Aboulkassim T, Ongali B, Lecrux C, Fernandes P, Rosa-Neto P, et al. Complete rescue
of cerebrovascular function in aged Alzheimer's disease transgenic mice by antioxidants and pioglita-
zone, a peroxisome proliferator-activated receptor gamma agonist. J Neurosci. 2008; 28(37):9287—
9296. doi: 10.1523/JNEUROSCI.3348-08.2008 PMID: 18784309

Wright AL, Zinn R, Hohensinn B, Konen LM, Beynon SB, Tan RP, et al. Neuroinflammation and neuro-
nal loss precede AB plaque deposition in the hAPP-J20 mouse model of Alzheimer's disease. PLoS
One. 2013; 8(4):€59586. doi: 10.1371/journal.pone.0059586 PMID: 23560052

Rouaud JL, Aubert G, Pelen F. Contribution a |'étude dés effets psychotropes ET de La lithémie chez
La souris traitée avec um soluté de Gluconate de lithium. Psychol Med. 1993; 25(6):561-571.

Wood AJ, Goodwin GM, De Souza R, Green AR. The Pharmacokinetic Profile of Lithium in Rat and
Mouse; Important Factor in Psychopharmacoloical Investigation of the Drug. Neuropharmacology.
1986; 25:1285-1288. PMID: 3025767

Viel TA, Caetano AL, Nasello AG, Lancelotti CL, Nunes VA, Araujo MS et al. Increases of kinin B1 and
B2 receptors binding sites after brain infusion of amyloid-beta 1-40 peptide in rats Neurobiol of Aging.
2008; 29: 1805-1814.

Amaral FA, Lemos MTR, Dong KE, Bittencourt MFQP, Caetano AL, Pesquero JB, et al..Participation
oh kinin receptors on memory impairment after chronic infusion of human amyloid- 1-40 peptide in
mice. Neuropeptides 2010; 44:93-97. doi: 10.1016/j.npep.2009.10.006 PMID: 19926131

Baraldi T, Schéwe NM, Balthazar J, Monteiro-Silva KC, Albuquerque MS, Buck HS, et al.Cognitive
stimulation during lifetime and in the aged phase improved spatial memory, and altered neuroplasticity

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 22/26


http://dx.doi.org/10.1016/j.pneurobio.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24548606
http://dx.doi.org/10.1212/WNL.0b013e3181c3f293
http://www.ncbi.nlm.nih.gov/pubmed/19846828
http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://www.ncbi.nlm.nih.gov/pubmed/15102436
http://dx.doi.org/10.1021/cn5000309
http://www.ncbi.nlm.nih.gov/pubmed/24766396
http://www.ncbi.nlm.nih.gov/pubmed/17314294
http://dx.doi.org/10.1172/JCI64516
http://dx.doi.org/10.1172/JCI64516
http://www.ncbi.nlm.nih.gov/pubmed/23202730
http://www.ncbi.nlm.nih.gov/pubmed/7942943
http://www.ncbi.nlm.nih.gov/pubmed/10818140
http://dx.doi.org/10.1523/JNEUROSCI.3348-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18784309
http://dx.doi.org/10.1371/journal.pone.0059586
http://www.ncbi.nlm.nih.gov/pubmed/23560052
http://www.ncbi.nlm.nih.gov/pubmed/3025767
http://dx.doi.org/10.1016/j.npep.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19926131

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

and cholinergic markers of mice. Exp. Gerontol., 2013; 48(8)831-838. doi: 10.1016/j.exger.2013.05.
055 PMID: 23707230

Bradford MM. A rapid and sensitive method for the quantification of microgram of protein utilizing the
principle of protein-dye binding. Anal Biochem. 1976; 72:248—-254. PMID: 942051

Salinovich O, Montelaro RC. Reversible staining and peptide mapping of proteins transferred to nitroce-
lulose after separation by sodium docecylsulfate-polyacrylamide gel electrophoresis. Anal Biocem
1986; 156(2):341-346.

Abramoff MD, Magalhaes PJ, Ram SJ. Immage Processing with ImageJ. Biophotonics International.
2004; 11(7):36-42.

Oliveira JL, Silva-Junior GB, Abreu KLS, Rocha NA, Franco LFLG, Araujo SMHA, et al. Nefrotoxicidade
por litio. Rev Assoc Med Bras 2010; 56:600—-606.

Belzung C, Griebel G. Measuring normal and pathological anxiety-like behaviour in mice: a review.
Behav Brain Res 2001; 125:141-9. PMID: 11682105

Gerlai R, Fitch T, Bales KR, Gitter BD. (2002) Behavioral impairment of APP(V717F)mice in fear condi-
tioning: is it only cognition? Behav Brain Res. 136(2):503-9. PMID: 12429413

Gil-Bea FJ, Aisa B, Schliebs R, Ramirez MJ. (2007) Increase of locomotor activity underlying the
behavioral disinhibition in tg2576 mice. Behav Neurosci. 121(2):340—4. PMID: 17469923

Ferretti L, McCurry SM, Logsdon R, Gibbons L, Teri L. Anxiety and Alzheimer's disease. J Geriatr Psy-
chiatry Neurol 2001; 14:52-58. PMID: 11281317

Walf AA, Frye CA. The use of the elevated plus maze as an assay of anxiety-related behavior in
rodents. Nature Protocols 2007; 2:323-328.

Harris JA, Devidze N, Halabisky B, Lo |, Thwin MT, Yu G-Q, et al. Many neuronal and behavioral impair-
mets in transgenic mouse models of Alzheimer disease are independente of caspase cleavage of the
amyloid precursor protein. J Neurosci. 2010; 30:372-81. doi: 10.1523/JNEUROSCI.5341-09.2010
PMID: 20053918

Espania J, Giménez-Llort L, Valero J, Mifiano A, Rabano A, Rodriguez-Alvarez J, et al. Intraneuronal
beta-amyloid accumulation in the amygdala enhances fear and anxiety in Alzheimer's disease trans-
genic mice. Biol Psychiatry. 2010; 67(6):513-21. doi: 10.1016/j.biopsych.2009.06.015 PMID:
19664757

Ferreira FR, Spini VBMG, Ribeiro GCC, Paduani GF. Chronic Lithium Treatment prevent Anxiety-like
Behavior Related to Dietary Restriction. Biosci. J., Uberlandia. 2009; 25:131-138.

Pompl PN, Mullan MJ, Bjugstad K, Arendash GW. Adaptation of the circular platform spatial memory
task for mice: use in detecting cognitive impairment in the APP(SW) transgenic mouse model for Alzhei-
mer's disease. J Neurosci Methods. 1999; 87:87-95. PMID: 10065997

Fox GB, Fan L, LeVasseur RA, Faden Al. Effect of traumatic brain injury on mouse spatial and nonspa-
tial learning in the Barnes circular maze J Neurotrauma, 1998; 15:1037-1046. PMID: 9872460

Small SA, Nava AS, Perera GM, Delapaz R, Stern Y. Evaluating the function of hippocampal subre-
gions with high-resolution MRl in Alzheimer's disease and aging. Microsc Res Tech. 2000; 51:101—
108. PMID: 11002358

Hamann SB, Ely TD, Hoffman JM, Kilts CD. Ecstasy and agony: activation of the human amygdala in
positive and negative emotion. Psychological Science. 2002; 13:135-41. PMID: 11933997

Fiorentini A, Rosi MC, Grossi C, Luccarini |, Casamenti F. Lithium improves hippocampal neurogen-
esis, neuropathology and cognitive functions in APP mutant mice. PLoS ONE 2010; 5:1-19.

Liechti FD, Stiidle N, Theuliratt R, Grandgirrd D, Wolfgang T, Leibe SL. The mood-stabilizer lithium pre-
vents hippocampal apoptosis and improves spatial memory in experimental meningitis. PloS ONE.
2014;9,e113607. doi: 10.1371/journal.pone.0113607 PMID: 25409333

Kubie JL, Sutherland RJ, Muller RU. Hippocampal lesions produce a temporally graded amnesia on a
dry version of the Morris swimming task. Psychobiology. 1999; 27:313-30.

Tsetsenis T, Ma XH, Lo lacono L, Beck SG, Gross C. Suppression of conditioning to ambiguous cues
by pharmacogenetic inhibition of the dentate gyrus. Nat Neurosci. 2007; 10:896-902. PMID: 17558402

Pilly PK, Grossberg S. Spiking neurons in a hierarchical self-organizing map model can learn to
develop spatial and temporal properties of entorhinal grid cells and hippocampal place cells. PLoS
ONE. 2013; 8, e0060599.

Rolls ET. A theory of hippocampal function in memory. Hippocampus. 1996; 6:601-620. PMID:
9034849

Gilbert PE, Kesner RP, DeCoteau WE. Memory for spatial location: role of the hippocampus in mediat-
ing spatial pattern separation. J Neurosci. 1998; 18(2):804—810. PMID: 9425021

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 23/26


http://dx.doi.org/10.1016/j.exger.2013.05.055
http://dx.doi.org/10.1016/j.exger.2013.05.055
http://www.ncbi.nlm.nih.gov/pubmed/23707230
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/11682105
http://www.ncbi.nlm.nih.gov/pubmed/12429413
http://www.ncbi.nlm.nih.gov/pubmed/17469923
http://www.ncbi.nlm.nih.gov/pubmed/11281317
http://dx.doi.org/10.1523/JNEUROSCI.5341-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20053918
http://dx.doi.org/10.1016/j.biopsych.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19664757
http://www.ncbi.nlm.nih.gov/pubmed/10065997
http://www.ncbi.nlm.nih.gov/pubmed/9872460
http://www.ncbi.nlm.nih.gov/pubmed/11002358
http://www.ncbi.nlm.nih.gov/pubmed/11933997
http://dx.doi.org/10.1371/journal.pone.0113607
http://www.ncbi.nlm.nih.gov/pubmed/25409333
http://www.ncbi.nlm.nih.gov/pubmed/17558402
http://www.ncbi.nlm.nih.gov/pubmed/9034849
http://www.ncbi.nlm.nih.gov/pubmed/9425021

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kheirbek MA, Drew LJ, Burghardt NS, Constantini DO, Tannenholz L, Ahmari SE et al. Differential con-
trol of learning and anxiety along the dorsoventral axis of the dentate gyrus. Neuron. 2013; 77:955—
968. doi: 10.1016/j.neuron.2012.12.038 PMID: 23473324

Frankland PW, Bontempi B. The organization of recent and remote memories. Nat Rev Neurosci 2005;
6:119-130. PMID: 15685217

Teixeira CM, Pomedli SR, Maei HR, Kee N, Frankland PW. Involvement of the anterior cingulate cortex
in the expression of remote spatial memory. J Neurosci. 2006; 26(29):7555-7564. PMID: 16855083

Jones MW, Wilson MA. Theta Rhythms Coordinate Hippocampal—Prefrontal Interactions in a Spatial
Memory Task. PLoS Biol. 2005; 3:e402. PMID: 16279838

Park DC, Reuter-Lorenz P. The adaptative brain aging and neurocognitive scaffolding. Annu Rev Psy-
chol. 2009; 60:173-196 doi: 10.1146/annurev.psych.59.103006.093656 PMID: 19035823

Asplund CL, Todd JJ, Snyder AP, Marois R. A central role for the lateral pre-frontal cortex in goal-
directed and stimulus-driven attention. Nat. Neurosci. 2010; 13(4):507-512. doi: 10.1038/nn.2509
PMID: 20208526

Jahn R, Schiebler W, Oimet C, Greengard P. A 38,000-dalton membrane protein in synaptic vesicles.
Proc Natl Acad Sci USA. 1985; 82:1437-1441.

Caetano AL, Dong-Creste KE, Amaral FA, Monteiro-Silva KC, Pesquero JB, Araujo MS, et al. Kinin B2
receptor can play a neuroprotective role in Alzheimer's disease. Neuropeptides. 2015: 53:51-62. doi:
10.1016/j.npep.2015.09.001 PMID: 26387425

Boncristiano S, Calhoun ME, Howard V, Bondolfi L, Kaeser SA, Wiederhold KH, et al. Neocortical syn-
aptic bouton number is maintained despite robust amyloid deposition in APP23 transgenic mice. Neuro-
biol Aging. 2005; 26(5):607-613. PMID: 15708435

Scheff SW, DeKosky ST, Price DA. Quantitative assessment of cortical synaptic density in Alzheimer's
disease. Neurobiol Aging. 1990; 11(1):29-37 PMID: 2325814

DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in Alzheimer's disease: correlation
with cognitive severity. Ann Neurol. 1990; 27(5):457—464. PMID: 2360787

Araki W, Kitaguchi N, Tokushima Y, Ishii K, Aratake H, Shimohama S, et al. Trophic effect of beta-amy-
loid precursor protein on cerebral cortical neurons in culture. Biochem Biophys Res Commun. 1991;
181(1):265-271. PMID: 1958195

Barnes P, Thomas KL. Proteolysis of proBDNF is a key regulator in the formation of memory. PLoS
One, 2008; 3: €3248. doi: 10.1371/journal.pone.0003248 PMID: 18813339

Bournouf S, Belarbi K, Troquier L. Hippocampal BDNF expression. In a tau transgenic mouse model.
Curr Alheimer Res. 2012; 9(4):406—410.

Fukumoto T, Morinobu S, Okamoto Y, Kagaya A, Yamawaki S. Chronic lithium treatment increases the
expression of brain-derived neurotrophic fator in the rat brain. Psychopharmacology (Berl) 2001;
158:100—-106.

Yasuda S, Liang MH, Marinova Z, Yahyavi A, Chuang DM. The mood stabilzers lithium and valproates
selectvely activate the promoter |V of brain-derived neurotrophic fator in neurons. Mol. Psychiatry.
2009; 14:51-59. PMID: 17925795

Bartkowska K, Paguin A, Gauthier AS, Kaplan DR, Miller FD. Trk signaling regulates neural precursor
cell proliferation and differentiation during cortical development. Development. 2007; 134:4369-4380.
PMID: 18003743

Wu D, Anatassios B, Xiong W, Madhox J, Jia X, Thakor NV. Study of the origen and long latency SSEP
during recovery from brain ischemia in a rat model. Neuroscience Letters. 2010; 485:157—161. doi: 10.
1016/j.neulet.2010.08.086 PMID: 20816917

Mu'Y, Cage FH. Adult hippocampal neurogenesis and its role in Alheimer's disease. Mol Neurodegner.
2011;6:1-9.

Hashimoto R, Hough C, Nakazawa T, Yamamoto T, Chuang DM. Lithium protection against glutamate
excitotoxicity in rat cerebral cortical neurons: involvement of NMDA receptor inhibition possibly by
decreasing NR2B tyrosine phosphorylation. J Nerurochem 2002; 80:589-597.

LiY, Wang H, Xie K, Wang C, Yang Z, You Y et al. Inhibition of glycogen synthase kinase-3 prevents
remifentanil-induced hyperalgesia via regulating the expression and function of spinal N-methyl-D-
aspartate receptors in vivo and in vitro. PLoS ONE. 2013; 8: e77790. doi: 10.1371/journal.pone.
0077790 PMID: 24147079

Chen RW, Chuang DM. Long term lithium treatment supresses p53 and Bax-expression. A proemi-
nente role in neuroprotection against excitotoxicity. J Biol Chem. 1999; 274:6039-6042. PMID:
10037682

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 24/26


http://dx.doi.org/10.1016/j.neuron.2012.12.038
http://www.ncbi.nlm.nih.gov/pubmed/23473324
http://www.ncbi.nlm.nih.gov/pubmed/15685217
http://www.ncbi.nlm.nih.gov/pubmed/16855083
http://www.ncbi.nlm.nih.gov/pubmed/16279838
http://dx.doi.org/10.1146/annurev.psych.59.103006.093656
http://www.ncbi.nlm.nih.gov/pubmed/19035823
http://dx.doi.org/10.1038/nn.2509
http://www.ncbi.nlm.nih.gov/pubmed/20208526
http://dx.doi.org/10.1016/j.npep.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26387425
http://www.ncbi.nlm.nih.gov/pubmed/15708435
http://www.ncbi.nlm.nih.gov/pubmed/2325814
http://www.ncbi.nlm.nih.gov/pubmed/2360787
http://www.ncbi.nlm.nih.gov/pubmed/1958195
http://dx.doi.org/10.1371/journal.pone.0003248
http://www.ncbi.nlm.nih.gov/pubmed/18813339
http://www.ncbi.nlm.nih.gov/pubmed/17925795
http://www.ncbi.nlm.nih.gov/pubmed/18003743
http://dx.doi.org/10.1016/j.neulet.2010.08.086
http://dx.doi.org/10.1016/j.neulet.2010.08.086
http://www.ncbi.nlm.nih.gov/pubmed/20816917
http://dx.doi.org/10.1371/journal.pone.0077790
http://dx.doi.org/10.1371/journal.pone.0077790
http://www.ncbi.nlm.nih.gov/pubmed/24147079
http://www.ncbi.nlm.nih.gov/pubmed/10037682

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Youle RJ, Strasser A. The BCL-2 protein family: opposition activities that mediate cell death. Net Ver
Mol Cell Biol, 2008; 9:47-59.

Hiroi T. Wei H, Hough C, Leeds P, Chuang D-M. Protracted lithium treatment protects against the ER
stress elicited by thapsigargin in rat PC12 cells: roles of intracellular calcium, GRP78 and Bcl-2. Phar-
macogenomics J. 2005; 5:102-111. PMID: 15668729

Yan XB, Hou HL, Wu LM, Liu J, Zhou JN. Lithium regulates hippocampal neurogenesis by ERK path-
way and facilitates recovery of spatial learning and memory. Neuropharmacology 2007; 53:487—-495.
PMID: 17686496

Duyckaerts C, Delatour B, Potier MC. Classsification and basic pathology of Alzheimer disease. Acta
Neuropathol. 2009; 118(1):5-36. doi: 10.1007/s00401-009-0532-1 PMID: 19381658

Franklin K, Paxinos G. The mouse brain. In stereotaxic coordinates, third ed. Academic Press, San
Diego. 2008.

Couch BA, Kerrisk ME, Kaufman AC, Nygaard HB, Strittmatter SM, Koleske AJ. Delayed amyloid pla-
que deposition and behavioral deficits in outcrossed ABPP-PS1 mice. J Comp Neurol. 2013;
521:1395-1408. doi: 10.1002/cne.23239 PMID: 23047754

Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O, et al. Australian Imaging Bio-
markers and Lifestyle (AIBL) Research Group. Amyloid 8 deposition, neurodegeneration, and cognitive
decline in sporadic Alzheimer’s disease: a prospective cohort study. Lancet Neurol. 2013; 12(4):357—
367.doi: 10.1016/S1474-4422(13)70044-9 PMID: 23477989

Martin M, Rehani K, Jope RS, Michalek SM. Toll-like receptor mediated cytokine production is differen-
tially regulated by glycogen synthase kinase 3. Nat Immunol. 2005; 6(8):777—-784. PMID: 16007092

Ly S, Altman R, Petrlova J, Lin Y, Hilt S, Huser T et al. Binding of apolipoprotein E inhibits the oligomer
growth of amyloid-f peptide in solution as determined by fluorescence cross-correlation spectroscopy.
J Biol Chem. 2013; 288:11628—-6235. doi: 10.1074/jbc.M112.411900 PMID: 23430745

Hooper C, Killick R, Lovestone S. The GSK3 hypothesis of Alzheimer’s disease. J Neurochem. 2008;
104:1433-1439. PMID: 18088381

Majumder S, Richardson A, Strong R, Oddo S. Inducing autophagy by rapamycin before, but not after,
the formation of plaques and tangles ameliorates cognitive deficits. PLos ONE. 2011; 6:25416. doi:
10.1371/journal.pone.0025416 PMID: 21980451

Sarkar S, Rubinsztein DC. Inositol and IP3 levels regulate autophagy: biology and therapeutic specula-
tions. Autophagy. 2006; 2:132—134. PMID: 16874097

Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, Jaeger PA, et al. The autophagy-related
protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid 3 accu-
mulation in mice. J Clin Invest 2008; 118(6):2190-2199. doi: 10.1172/JCI33585 PMID: 18497889

Goldsbury C, Whiteman IT, Jeong EV, Lim YA. Oxidative stress increases levels of endogenous amy-
loid-beta peptides secreted from primary chick brain neurons. Aging Cell. 2008; 7:771-775. doi: 10.
1111/j.1474-9726.2008.00423.x PMID: 18691184

Khairova R, Pawar R, Salvadore G, Juruena MF, de Sousa RT, Soeiro-de-Souza et al. Effects of lithium
on oxidative stress parameters in healthy subjects. Mol Med Rep. 2012; 5:680-682. doi: 10.3892/mmr.
2011.732 PMID: 22200861

Beurel E and Jope RS. The paradoxical pro- and anti-apoptotic actions of GSK3 in the intrinsic and
extrinsic apoptosis signaling pathways. Progr Neurobiol. 2006; 79(4):173-189.

Pei JJ, Braak E, Braak H, Grundke-Igbal K, Winblad B, Cowburn RF. Distribution of active glycogen
synthase kinase 3beta (GSK-3beta) in brains staged for Alzheimer disease neurofibrillary changes. J
Neuropathol Exp Neurol 1999; 58:1010-1019. PMID: 10499443

Jope RS. Lithium, the seminal GSK3 inhibitor. In glycogen synthase kinase 3 (GSK-3) and its inhibitors.
Martinez A., Castro A., Medina M., eds. John Wiley & Sons, Hoboken, NJ. 2006. pp. 223-242.

Rayasam GV, Tulasi VK, Sodhi R, Davis JA, Ray A. Glycogen synthase kinase 3: more than a name-
sake. BrJ Pharmacol. 2009; 156(6):885—-898. doi: 10.1111/j.1476-5381.2008.00085.x PMID:
19366350

Zhou FQ, Snider WD. Cell biology. GSK-3beta and microtubule assembly in axons. Science. 2005; 308
(5719):211-214. PMID: 15825222

Beaulieu JM, Gainetdinov RR, Caron MG. Akt/GSKS signaling in the action of psychotropic drugs.
Annu Rev Pharmacol Toxicol. 2009; 49:327-347. doi: 10.1146/annurev.pharmtox.011008.145634
PMID: 18928402

Buller CL, Loberg RD, Fan MH, Zhu Q, Park JL, Vesely E, et al. A GSK-3/TSC2/mTOR pathway regu-
lates glucose uptake and GLUT1 glucose transporter expression. Am J Physiol Cell Physiol. 2008; 295
(3):C836-843. doi: 10.1152/ajpcell.00554.2007 PMID: 18650261

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 25/26


http://www.ncbi.nlm.nih.gov/pubmed/15668729
http://www.ncbi.nlm.nih.gov/pubmed/17686496
http://dx.doi.org/10.1007/s00401-009-0532-1
http://www.ncbi.nlm.nih.gov/pubmed/19381658
http://dx.doi.org/10.1002/cne.23239
http://www.ncbi.nlm.nih.gov/pubmed/23047754
http://dx.doi.org/10.1016/S1474-4422(13)70044-9
http://www.ncbi.nlm.nih.gov/pubmed/23477989
http://www.ncbi.nlm.nih.gov/pubmed/16007092
http://dx.doi.org/10.1074/jbc.M112.411900
http://www.ncbi.nlm.nih.gov/pubmed/23430745
http://www.ncbi.nlm.nih.gov/pubmed/18088381
http://dx.doi.org/10.1371/journal.pone.0025416
http://www.ncbi.nlm.nih.gov/pubmed/21980451
http://www.ncbi.nlm.nih.gov/pubmed/16874097
http://dx.doi.org/10.1172/JCI33585
http://www.ncbi.nlm.nih.gov/pubmed/18497889
http://dx.doi.org/10.1111/j.1474-9726.2008.00423.x
http://dx.doi.org/10.1111/j.1474-9726.2008.00423.x
http://www.ncbi.nlm.nih.gov/pubmed/18691184
http://dx.doi.org/10.3892/mmr.2011.732
http://dx.doi.org/10.3892/mmr.2011.732
http://www.ncbi.nlm.nih.gov/pubmed/22200861
http://www.ncbi.nlm.nih.gov/pubmed/10499443
http://dx.doi.org/10.1111/j.1476-5381.2008.00085.x
http://www.ncbi.nlm.nih.gov/pubmed/19366350
http://www.ncbi.nlm.nih.gov/pubmed/15825222
http://dx.doi.org/10.1146/annurev.pharmtox.011008.145634
http://www.ncbi.nlm.nih.gov/pubmed/18928402
http://dx.doi.org/10.1152/ajpcell.00554.2007
http://www.ncbi.nlm.nih.gov/pubmed/18650261

@’PLOS ‘ ONE

Microdose Lithium Prevents Alzheimer's Disease

87. Tomlinson DR, Gardiner NJ. Glucose neurotoxicity. Nat Rev Neurosci. 2008; 9(1):36—45. PMID:
18094705

88. Forlenza OV, Coutinho AM, Aprahamian |, Prando S, Mendes LL, Diniz BS, et al. Long-term lithium
treatment reduces glucose metabolism in the cerebellum and hippocampus of nondemented older

adults: an ['®F]FDG-PET study. ACS Chem Neurosci. 2014; 5(6):484—489. doi: 10.1021/cn5000315
PMID: 24730717

PLOS ONE | DOI:10.1371/journal.pone.0142267 November 25, 2015 26/26


http://www.ncbi.nlm.nih.gov/pubmed/18094705
http://dx.doi.org/10.1021/cn5000315
http://www.ncbi.nlm.nih.gov/pubmed/24730717

