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Lithium Reduces BACE1 Overexpression, Beta Amyloid
Accumulation, and Spatial Learning Deficits
in Mice with Traumatic Brain Injury
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Abstract

Traumatic brain injury (TBI) leads to both acute injury and long-term neurodegeneration, and is a major risk
factor for developing Alzheimer’s disease (AD). Beta amyloid (Ap) peptide deposits in the brain are one of the
pathological hallmarks of AD. Af levels increase after TBI in animal models and in patients with head trauma,
and reducing Af levels after TBI has beneficial effects. Lithium is known to be neuroprotective in various models
of neurodegenerative disease, and can reduce Af generation by modulating glycogen synthase kinase-3 (GSK-3)
activity. In this study we explored whether lithium would reduce Af load after TBI, and improve learning and
memory in a mouse TBI model. Lithium chloride (1.5 mEq/kg, IP) was administered 15 min after TBI, and once
daily thereafter for up to 3 weeks. At 3 days after injury, lithium attenuated TBI-induced Af load increases,
amyloid precursor protein (APP) accumulation, and f-APP-cleaving enzyme-1 (BACE1) overexpression in the
corpus callosum and hippocampus. Increased Tau protein phosphorylation in the thalamus was also attenuated
after lithium treatment following TBI at the same time point. Notably, lithium treatment significantly improved
spatial learning and memory in the Y-maze test conducted 10 days after TBI, and in the Morris water maze test
performed 17-20 days post-TBI, in association with increased hippocampal preservation. Thus post-insult
treatment with lithium appears to alleviate the TBl-induced Af load and consequently improves spatial
memory. Our findings suggest that lithium is a potentially useful agent for managing memory impairments after
TBI or other head trauma.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) causes devastating acute
effects, often leads to long-term neurodegeneration, and
increases the risk of developing Alzheimer’s disease (AD). Beta
amyloid (Af) deposits are one of the pathological hallmarks of
AD. Furthermore, Af42, a 42-amino acid form of Af, is ele-
vated in the cerebrospinal fluid (CSF) of patients with head
trauma (Olsson et al., 2004; Raby et al., 1998), and post-mortem
human studies have similarly found Af deposits in TBI pa-
tients (Roberts et al., 1991,1994; Uryu et al., 2007). Another
study found both A40 and Ap42—the two primary types of
Ap associated with AD—in the temporal cortex of head trauma
victims (Tkonomovic et al., 2004). Increased Ap levels have also
been observed in animal models of TBI (Abrahamson et al.,
2009; Loane et al., 2009; Smith et al., 1998).

Both endogenous and exogenous elevated Af levels have
been associated with neuronal death and behavioral dysfunc-
tion (Mattson, 2004). Increased Ap load has also been linked to
massive hippocampal neuronal death and cognitive impair-
ment in a TBI model (Smith et al., 1998). Conversely, reducing
Ap levels appears to have beneficial effects against TBI. For
example, inhibition of - or y-secretase enzymes, which play a
major role in the generation of Af from amyloid precursor
protein (APP), increases hippocampal tissue preservation and
improves functional outcome (Loane et al., 2009). Decreasing
Ap levels by modulating ATP binding cassette protein Al
(ABCA1, which enhances Af clearance) also has beneficial ef-
fects (Loane et al., 2011). Interestingly, simvastatin, a drug used
clinically to reduce high cholesterol levels, reduced hippo-
campal Af levels and improved Morris water maze perfor-
mance after TBI in an animal model (Abrahamson et al., 2009).
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Accumulating evidence suggests that lithium, which has
been used to treat bipolar disorder for more than half a cen-
tury, has neuroprotective effects in various models of neuro-
degenerative disease, including AD, cerebral ischemia, spinal
cord injury, and TBI (Chiu and Chuang, 2010; Dash et al.,
2011; Yu et al., 2012). Lithium is also known to both directly
and indirectly inhibit glycogen synthase kinase-3 (GSK-3), a
constitutively active, master switch kinase that regulates a
variety of cellular functions by serine/threonine phosphory-
lation; indeed, this may be the mechanism underlying most of
lithium'’s effects (Chiu and Chuang, 2010; Li and Jope, 2010).
Interestingly, GSK-3 increases Afi production by regulating
APP cleavage (Hooper et al., 2008; Phiel et al., 2003), and
lithium treatment has been shown to reduce Af levels in vitro
and in vivo through GSK-3 inhibition (Phiel et al., 2003; Su
et al., 2004). In a transgenic AD model, lithium treatment in-
creased microtubule-associated protein-2 (MAP-2)-positive
neurons and improved Morris water maze performance in
association with reduced Ap load (Rockenstein et al., 2007).
Taken together, the extant findings suggest that both pre- and
post-insult treatment with lithium reduce neurodegeneration,
attenuate neuroinflammation, and improve behavioral per-
formance after TBI (Dash et al., 2011; Yu et al., 2012; Zhu et al.,
2010). Thus the present study was designed to investigate the
effects of lithium on Af levels and on learning and memory in
a mouse model of TBI.

Materials and Methods
Animals and surgery

Seven-week-old male C57BL/6 mice were obtained from
The Jackson Laboratory (Bar Harbor, ME) and housed in
standard cages in a 12-h/12-h light-dark cycle with free access
to food and water. Mice were randomly assigned to three
experimental groups: sham-injured, TBI, and TBI with lithium
treatment. All animals were treated in accordance with Uni-
formed Services University of the Health Sciences guidelines
and the National Research Council’s Guide for the Care and Use
of Laboratory Animals. TBI was induced in these mice about 1
week after arrival using a controlled cortical impact (CCI)
device, as previously described (Yu et al., 2012). Briefly, mice
were anesthetized with 2.0% isoflurane in O, and placed in a
stereotaxic frame with an adaptor (Kopf Instruments, Tu-
junga, CA). A 4-mm-diameter craniotomy was performed
over the left parietal cortex between the bregma and the
lambda, 1 mm lateral to the midline. The point of impact was
identified midway between the lambda and bregma sutures,
as well as midway between the central suture and the left
temporalis muscle. CCI injury was performed using a 3-mm-
diameter convex tip set to compress the brain 1.5 or 2.0 mm at
a speed of 5.0m/sec. The 1.5-mm condition was used for the
biochemical studies, and the 2.0-mm condition was used for
behavioral tests and histology studies. The craniotomy was
then closed with the initially removed bone flap. Sham-
injured mice underwent identical craniotomy procedures
without CCI injury. Body temperature was maintained at
37+0.5°C with a heating pad coupled to a rectal probe.

Lithium chloride (1.5mEq/kg dissolved in normal saline;
Sigma-Aldrich, St. Louis, MO), or an equal volume of saline,
was injected intraperitoneally (IP) 15 min after TBI. The same
dose of lithium or saline was given once daily thereafter for up
to 3 weeks.
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Enzyme-linked immunosorbent assay (ELISA)

Mice (n=12/group) were sacrificed 3 days after surgery.
Ipsilateral hippocampi (including surrounding white mat-
ter tracts) were collected as previously described (Tran
et al,, 2011). Brain tissues were homogenized in 1:5w/v
5M guanidine hydrochloride containing protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany), and
phosphatase inhibitors I and II (Sigma-Aldrich); the ho-
mogenates were rotated at room temperature for 3—4h,
and then centrifuged at 13,300 g for 20 min at 4°C. Protein
concentrations were determined via the BCA method
(Pierce Biotech, Rockford, IL), and the Af contents in
tissue lysates were determined using an Af;_s» ELISA
kit (Invitrogen, Carlsbad, CA) per the manufacturer’s
instructions.

Immunohistochemical analysis

For immunohistochemical analysis, animals (n=6/
group) were deeply anesthetized and then transcardially
perfused with heparin saline followed by 4% formaldehyde
at 3 days after injury. Brains were collected and fixed in the
same fixative for 24-48h, and then in 30% sucrose for an
additional 24-48h. Sections (30 um thick) were cut using a
cryostat (Leica, Wetzlar, Germany) starting at 600 um an-
terior to the bregma. To assess the expression levels of APP,
Ap, and phospho-Tau protein after injury, coronal sections
between bregma —1.5 and —2.5 mm were first blocked with
5% normal donkey serum, then incubated overnight at 4°C
with polyclonal rabbit anti-f-APP (1:100; Zymed, San
Francisco, CA), biotin-conjugated mouse monoclonal anti-
Af (4G8, 1:100; Covance Research Products, Inc., Rich-
mond, CA), or polyclonal rabbit anti-phospho-Tau (p-Tau,
T205, Invitrogen) antibody. The sections were then reacted
for 1h at room temperature with a Cy 3-conjugated donkey
anti-rabbit antibody (for f-APP and p-Tau, 1:100; Jackson
ImmunoResearch Laboratories, West Grove, PA), or a Cy 3-
conjugated anti-biotin antibody (for 4G8; 1:100; Jackson
ImmunoResearch Laboratories). Finally, the sections were
stained with 4,6-diamino-2-phenylindole (DAPI; Sigma-
Aldrich), mounted with Vector-shield mounting medium
(Vector Laboratories, Burlingame, CA), and visualized with
fluorescence microscopy (Olympus, Center Valley, PA).
Phospho-Tau-positive cell density was measured according
to a method previously described (Shein et al., 2009; Yu
et al, 2012) with slight modifications. Briefly, im-
munostaining of three sections approximately 50 um apart
between bregma —1.5 and —2.5mm from a given animal
was performed, and three high-power (40x) photomicro-
graphs of each section were taken in the ipsilateral thala-
mus. Immuno-positive cells were identified and counted
using Adobe Photoshop (Mountain View, CA) and aver-
aged for a given animal. Cell counting was performed by
an observer blind to treatment status. Area fractions of
APP and 4G8 were evaluated with NIH Image] software
(National Institutes of Health, Bethesda, MD) as previously
described (Tran et al., 2012). Briefly, the images were
first converted to 8-bit gray scale, and the image threshold
was adjusted to highlight stained objects. The percentage
area of positive staining was quantified by the Analyze
Particles function in the ipsilateral corpus callosum and
hippocampus.



2344

Western blotting analysis

Western blotting analysis with 6E10 and f-APP-cleaving
enzyme-1 (BACE1) antibodies was performed to assess the
levels of Afi and f-secretase, respectively. Three days after
TBI, the ipsilateral hippocampi (including surrounding white
matter tracts; n=5/group) were collected and sonicated for
30sec in RIPA buffer (Cell Signaling, Danvers, MA), con-
taining phosphatase inhibitors I and II (Sigma-Aldrich), and
protease inhibitor cocktail (Roche Diagnostics). The lysates
were centrifuged at 12,000 rpm for 20min and protein con-
centrations were determined using the BCA method. An ali-
quot containing 30 ug of protein was loaded to each lane,
and proteins were separated by electrophoresis on SDS-
polyacrylamide gels of 4-12% (Invitrogen), then transferred to
a polyvinylidene difluoride membrane. The membranes were
incubated overnight at 4°C with a monoclonal mouse anti-Af
(6E10, 1:1000; Covance Research Products, Inc.), or a mono-
clonal mouse anti-BACE1 (1:1000; Millipore, Bedford, MA)
antibody. The membranes were then incubated with a goat
anti-mouse IRDye 800CW-conjugated secondary antibody,
and scanned with an Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE).

Y-maze test

Ten days after CCI, mice (n=12/group) were tested in a Y-
maze apparatus consisting of three enclosed arms, each 50 cm
long, 11 cm wide, and 10 cm high, made of black acrylic glass,
set at an angle of 120° to each other, in the shape of a Y (Yau
et al., 2007). The floor of the maze was covered with mouse-
soiled sawdust to eliminate olfactory cues, and visual cues
were placed inside and around the maze in the testing room
and kept constant throughout the testing sessions. The test
consisted of two trials, conducted 2 h apart. For the first trial
(the acquisition trial), one arm (the novel arm) was blocked.
Mice were placed at the end of a pseudorandomly chosen arm
(the start arm), allowed to explore the maze for 5min, and
then returned to their home cages for 2 h. For the second trial
(the retention trial), mice were allowed to explore all three
arms for 5min. The time spent exploring each arm was video
recorded and analyzed using ANY-Maze software (Stoelting
Co., Wood Dale, IL) by an observer blind to the treatment
condition. The percentage of time spent in the novel arm
versus the total time spent in all three arms during the first
2 min of the retention trial was analyzed. This corresponds to
the maximal exploratory activity in the novel arm, which
typically declines in the subsequent 2 min (Yau et al., 2007).

Morris water maze test

The cognitive function of the mice (n=17/group) was as-
sessed using the standard Morris water maze test, as previ-
ously described (Loane et al., 2009). The apparatus consisted
of a large, white circular 1.2-meter diameter pool with a 12-cm
diameter acrylic glass platform submerged 1cm below the
surface of the water. During training, the platform was placed
in one quadrant of the pool. The animal was gently and ran-
domly placed in the water facing the wall at one of the re-
maining quadrants, and allowed to swim to find the platform.
The animals underwent four training trials per day from day
17 to day 20 post-TBI. Each animal was given 60 sec to find the
platform, and could remain on the platform for 15sec to be-
come familiar with visual cues from the surroundings before
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being removed from the platform. If the animal failed to locate
the platform within 60 sec on any given trial, it was led by the
experimenter to the platform, and allowed to remain there for
15 sec. One hour after the last training session on day 20, the
platform was removed and the animals were tested in a probe
trial to measure quadrant preference and platform localiza-
tion. Movement within the maze was monitored using a video
camera and analyzed using ANY-Maze software.

Evaluation of hippocampal tissue preservation

Hippocampeal tissue preservation was measured 3 weeks
after CClinjury. Animals (1 =6/group) were sacrificed and the
brains were collected and sectioned as described above in the
immunohistochemical analysis section. Serial sections at 270-
um intervals were stained with hematoxylin and eosin (H&E)
and scanned with an Epson scanner; the area of the ipsilateral
and contralateral hippocampus was measured with Image]J
software (NIH). The volume of preserved ipsilateral hippo-
campus and contralateral normal hippocampus was calculated
as previously described (Dash et al., 2010; Yu et al., 2012):

{0.5A1 +0.5(A1 + A)+ ... +0.5(An_1 + An) +0.5A,}X

where A stands for the lesion area (mm?) for each slice, and X
stands for the distance (mm) between two sequential slices.
Hippocampal tissue preservation was calculated and ex-
pressed as percentage of the ipsilateral hippocampal volume
versus that of the contralateral hippocampus.

Statistical analysis

All data analyses were carried out using GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA). Two-way
repeated measures analysis of variance (ANOVA) with post-
hoc Bonferroni comparison was used to analyze results of the
Morris water maze test. One-way ANOVA was used to
compare multiple groups, and the Student’s ¢-test was used to
compare two groups. The results were quantified and ex-
pressed as mean*standard error of the mean (SEM). Statis-
tical significance was defined as p <0.05.

Results

Post-insult lithium treatment reduces
TBl-induced Ap levels

Evidence suggests that in animal models of TBI, Af levels
increase from the first to the seventh day, peaking on day 3
(Loane et al., 2009); therefore, the present study focused pre-
dominantly on day 3 post-injury. Western blot with the 6E10
antibody showed that a 27-kDa Af oligomer band was in-
creased approximately threefold after TBI (Fig. 1A; p<0.01),
and that this increase was robustly reduced by lithium treat-
ment (Fig. 1A; p<0.05).

Because Af oligomers are toxic in animal models of AD,
and because some low-n Af oligomers are SDS resistant
(Walsh and Selkoe, 2007), we postulated that lithium treat-
ment would significantly reduce Af oligomer levels and
provide neuroprotection. Levels of Af42, which is more toxic
than Ap40, were evaluated by ELISA and found to be sig-
nificantly increased in the hippocampus after TBI (Fig. 1B;
p<0.01); lithium treatment significantly reduced this TBI-
induced increase in Af42 levels (Fig. 1B; p <0.05).
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FIG.1. Lithium reduces beta amyloid (Af) levels in the hippocampus 3 days post-TBI. (A) Representative Western blots of
Ap peptide are shown here. Three days post-TBI, several bands of Af oligomers were detected using the 6E10 antibody. A 27-
kDa Ap oligomer band (arrow) increased after TBI, and this increase was suppressed by lithium treatment (n=>5/group;
#p<0.01; *p<0.05). (B) ELISA was performed 3 days after TBI to evaluate changes in Af42 levels. Ap42 levels increased in
the hippocampus after TBI, and this increase was attenuated by lithium treatment (n=12/group; *p<0.01; *p <0.05). (C, D,
and E) Representative microphotographs of Af staining with the 4G8 antibody in the corpus callosum 3 days after TBI are
shown here. (F) The area of Af staining is indicated by an arrow in the H&E micrograph. (C) No Af-positive signal was
found in the corpus callosum of the sham-injured animals. (D) Three days post-injury, a robust increase in Aff accumulation
in axonal bulbs was seen in the corpus callosum in the TBI model group. (E) Af accumulation was reduced in this area
following lithium treatment. (G) Quantitative data showed a significant reduction in the area fraction of 4G8-positive staining
in the lithium-treated group compared to the TBI group in the corpus callosum (1n=6/group; **p <0.01; scale bar=50 um).
Nuclei were stained with DAPI as shown with blue fluorescence. Data are represented as mean+SEM. Levels of fi-actin were
used as loading control (H&E, hematoxylin and eosin; TBI, traumatic brain injury; SEM, standard error of the mean; ELISA,
enzyme-linked immunosorbent assay; DAPI, 4,6-diamino-2-phenylindole).

Immunostaining with the 4G8 antibody found that Af ac-
cumulation was increased in the axonal bulbs in the corpus
callosum 3 days after TBI, and that this accumulation was sim-
ilarly reduced by lithium (Fig. 1C-E and G; p <0.01). In addition,
Ap accumulation in the hippocampus was detected in more than
one-third of the animals in the TBI model group, but this was not
observed in the lithium-treated group (data not shown).

Lithium treatment reduces APP and BACE1
levels following TBI

When APP and BACELI expression was examined 3 days
after TBI, axonal bulbs positive for APP were observed in the

corpus callosum and hippocampus (Fig. 2C and G), but not in
sham-injured controls (Fig. 2B and F). Lithium treatment
significantly reduced APP accumulation in axonal bulbs in
both the corpus callosum and hippocampus (Fig. 2D, H, I, and
J; <0.05). In addition, Western blot analysis showed that TBI
markedly increased BACEI levels in the hippocampus 3 days
after TBI (Fig. 3; p<0.01), and that this increase was com-
pletely blocked by lithium treatment (Fig. 3; p <0.01).

Lithium reduces Tau phosphorylation after TBI

To evaluate Tau phosphorylation, immunostaining was
performed 3 days after TBI. Tau phosphorylation at Thr205 was
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FIG. 2. Lithium reduces amyloid precursor protein (APP) accumulation in the corpus callosum and hippocampus 3 days
post-TBI. Representative microphotographs of APP staining in the corpus callosum (B-D) and hippocampus (F-H) 3 days
after injury are shown. Areas of APP staining are indicated by arrows in H&E micrographs (A and E). No APP-positive signal
was found in the corpus callosum or hippocampus of the sham-injured animals (B and F). Three days post-TBI, enlarged
axonal bulbs were dramatically increased in both areas in the TBI model group (C and G), and this was suppressed by
lithium treatment (D and H). The inserts in photomicrographs C, D, G, and H are higher-magnification photographs of the
arrow-pointed boxes. Quantitative data showed a significant reduction in the area fraction of APP accumulation in the
lithium-treated group compared to the TBI model group for both the corpus callosum and hippocampus (I and J, respec-
tively; n=6/group; *p <0.05; scale bar=50 um). Nuclei were stained with DAPI as shown with blue fluorescence. Data are
represented as mean *standard error of the mean (TBI, traumatic brain injury; DAPI, 4,6-diamino-2-phenylindole).

dramatically increased in the thalamus (Fig. 4B) of the TBI
model mice, and this increase was robustly reduced by lithium
treatment (Fig. 4C); in contrast, virtually no signal was observed
in the sham-injured mice (Fig. 4A). Quantified data demon-
strated that lithium treatment significantly reduced the number
of p-Tau-positive cells following TBI (Fig. 4D; p <0.01).

Lithium treatment improves spatial learning after TBI

In the Morris water maze test, a classic test for spatial
learning and memory, TBI model mice had significantly lon-
ger escape latencies during days 18-20 in the hidden platform
training sessions (Fig. 5A; p<0.001) than the sham-injured
controls. These escape latencies were significantly reduced by
lithium treatment, notably on day 20 (Fig. 5A; p<0.01). In the
probe trial conducted on day 20 post-injury, TBI model mice
spent less time in the target quadrant in search of the platform
than sham-injured animals (Fig. 5B; p <0.05); lithium treat-
ment significantly increased the time spent searching in the
correct quadrant (Fig. 5B; p<0.05). Treatment condition did
not affect average swim speed, indicating that differences in
time spent in the target quadrant were unrelated to changes in
swimming speed (Fig. 5C).

In the Y-maze test, which evaluates hippocampal-
dependent learning and memory (Yau et al.,, 2007), TBI
model mice spent less time in the novel arm than sham-
injured animals, indicating impaired spatial learning and
memory (Fig. 5D; p<0.01). Lithium treatment significantly

increased the time that TBI model mice spent in the novel
arm (Fig. 5D; p<0.05).

Lithium treatment increases hippocampal
preservation after TBI

TBI-induced increases in Af levels are known to correlate
with massive neuronal death in the mouse hippocampus
(Smith et al., 1998). H&E staining showed that TBI did indeed
result in massive hippocampal damage, but that lithium
treatment significantly increased hippocampal preservation
at 3 weeks post-TBI (Fig. 6; p <0.05).

Discussion

In the present study we found that post-insult treatment
with lithium attenuated TBI-induced Af load increases, APP
accumulation in axonal bulbs, and BACE1 overexpression in
the hippocampus and corpus callosum, areas enriched in APP
and Af. TBI-induced increases in Tau phosphorylation in the
thalamus were also suppressed by lithium treatment 3 days
post-injury. In addition, long-term lithium treatment (3 weeks)
improved spatial learning and memory as assessed by the
Morris water maze and Y-maze tests. Finally, lithium also in-
creased hippocampal tissue preservation in TBI model mice. To
our knowledge, this is the first report to show that lithium has
the ability to suppress TBI-induced f-secretase overexpression,
and to reduce Ap load through f-secretase inhibition.
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FIG. 3. Lithium blocks TBl-induced BACE1 increases 3
days post-TBI. Representative Western blots showing that
lithium blocked TBI-induced BACELI increases 3 days after
TBI. BACE1 was visualized as a band of around 70kDa, and
its levels were markedly increased in the ipsilateral hippo-
campus in the TBI model group compared with the sham-
injured group (n=>5/group; *p<0.01), and this increase was
completely blocked by lithium treatment (1n=>5/group;
**p<0.01). Data are represented as mean+standard error of
the mean. Levels of f-actin were used as loading control
(TBI, traumatic brain injury; BACEl, f-APP-cleaving
enzyme-1).
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Ap is the primary component of amyloid plaques, and Af
deposits in the brain are thought to play a central role in the
progression of AD (Carter et al., 2010; Walsh and Selkoe,
2007). Reducing brain Af load has beneficial effects in animal
models of AD, and remains an important strategy for halting
the progression of AD (Carter et al., 2010). In animal models of
TBI, Ap load reductions in the brain have similarly been
shown to be neuroprotective (Abrahamson et al., 2009; Loane
et al., 2009). The oligomeric forms of Af are toxic, while the
monomer forms are thought to be neuroprotective (Carter
etal., 2010; Giuffrida et al., 2010). One study found that the 27-
kDa band of the Af oligomers was toxic (Lambert et al., 1998),
and another study found that reducing the 21-kDa band of the
Ap oligomers was neuroprotective in an animal model of AD
(Tchantchou et al., 2007). The present study found that a 27-
kDa Ap oligomer was robustly elevated after TBI, and that
treatment with lithium attenuated this increase. ELISA anal-
ysis further confirmed that lithium attenuated the Af42 in-
creases induced by TBI. The immunostaining results indicated
that TBI-induced Af accumulated in the axonal bulbs, and
that this accumulation was markedly suppressed by lithium
treatment. Taken together, this evidence suggests that lithium
reduced the TBI-induced Af load increase, thus mitigating its
potentially damaging downstream effects.

Diffuse axonal injury is one of pathological features of TBI
(Johnson et al., 2010, 2012). Dynamic axonal deformation and
the subsequent interruption of axonal transport results in the
accumulation of transported material in the axonal bulbs
(Johnson etal., 2012). APP, which has been shown to accumulate
in these axonal bulbs after TBI, has been widely used as a marker
for axonal injury (Bramlett et al., 1997; Johnson et al., 2010; Tran
et al., 2011). Reducing APP levels with an infusion of anti-APP
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FIG. 4. Lithium reduces Tau phosphorylation in the thalamus after TBI. Representative microphotographs of phospho-Tau
(p-Tau) staining (A—C) in the thalamus 3 days after injury are shown. The area of p-Tau staining is indicated by an arrow in
the H&E micrograph (E). No p-Tau-positive signal was detected in the thalamus of the sham-injured animals (A). A robust
increase in p-Tau-positive cells was observed in the thalamus 3 days after TBI (B), which was significantly suppressed by
lithium treatment (C). Quantitative data showing that lithium reduced the number of TBIl-induced p-Tau-positive cells
compared with the TBI model group (D; n=>5/group; **p <0.01; scale bar =50 um). Nuclei were stained with DAPI as shown
with blue fluorescence. Data are represented as mean *standard error of the mean (TBI, traumatic brain injury; DAPI, 4,6-

diamino-2-phenylindole; H&E, hematoxylin and eosin).
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FIG. 5. Lithium improves spatial learning in the Morris water maze and Y-maze tests. The Morris water maze test was
conducted 17-20 days after TBIL. During the hidden platform training portion of the test, the TBI group took significantly
more time to locate the platform, indicating a deficit in spatial learning (A; n=17/group; *p<0.001). Lithium treatment
significantly improved this learning deficit, especially on day 20 (n=17/ group; **p <0. 01), compared with the TBI group. In
the probe trial of the Morris water maze test performed 20 days following injury, TBI model mice spent less time in the target
quadrant than sham-injured mice (B; n=10/group; *p<0.05). Lithium treatment reversed this (n=10/group, *p<0.05). The
average swim speed did not differ between groups (C). The Y-maze test was conducted 10 days post-TBI to evaluate spatial
learning. Ten days after TBI, the TBI model group spent 51gn1f1cant1y less time than sham-injured mice in the novel arm
versus the total time spent in all three arms (D; n=12/ group, #p<0.01). In contrast, lithium treatment significantly atten-
uated this decline in the lithium-treated group (1n=12/group; *p <0.05). Data are represented as mean +standard error of the

mean (TBI, traumatic brain injury).

antibodies reduces tissue damage, increases MAP-2 immuno-
reactivity, and improves functional outcome (Itoh et al., 2009).
Consistent with these findings, the present study demonstrated
that APP accumulation in axonal bulbs increased after TBI, and
notably, that lithium treatment reduced APP accumulation.
Because APP can be sequentially cleaved by 8- and y-secretase to
generate toxic Af, we hypothesize that in the present study,
lithium treatment reduced APP accumulation, thereby de-
creasing the availability of substrate needed to generate Af.

A TBI B
. = -] o *
-4 ™. EE D
: $2 5
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TBI + Lithium g{g 30
Q. 20
- g0
e 1
T 0

T8I TBI + Lithium

FIG. 6. Lithium increases hippocampal tissue preservation
after TBI. TBI caused massive hippocampal tissue loss 3
weeks after injury, and this tissue loss was reduced by lith-
ium treatment (A). Quantified data showing that lithium
significantly increased hippocampal tissue preservation (B;
n=6; *p<0.05). Data are represented as meanz=standard
error of the mean (TBI, traumatic brain injury).

This study also examined BACE1, which is the major f-
secretase involved in producing Af in neurons (Cai et al.,
2001). BACE1 levels are increased after TBI in human patients
with head trauma, as well as in TBI rodent models (Blasko
et al., 2004; Loane et al., 2009; Uryu et al., 2007). Knockdown
of B-secretase in BACE1 ™/~ mice improves behavioral and
histological outcomes after TBI (Loane et al., 2009). Consistent
with these reports, we found that TBI robustly increased
BACE1 expression, and that lithium treatment completely
blocked this increase. Because f-secretase catalyzes the initial
and rate-limiting step of Af generation (Roggo, 2002), we
believe that the lithium-induced blockade of BACE1 expres-
sion observed in this study accounted for most of the reduc-
tion in Af load, with substantial subsequent beneficial effects.
However, it is possible that the lithium-induced decrease in
levels of APP also contributed to reduced Ap production be-
cause of limited availability of Af precursor.

Memory impairments are frequently seen in head trauma
patients, as well as in animal models of TBI (Dash et al., 2011;
Loane et al., 2009; Spikman et al., 2012). Consistent with these
reports, in the present study we noted that TBI impaired
performance in the Morris water maze and Y-maze tests.
Notably, however, lithium improved spatial learning and
memory, as indicated by shortened escape latencies in the
Morris water maze test, increased time spent searching for
the platform in the probe trial, and increased time spent in the
novel arm in the Y-maze test. Interestingly, a previous study
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found that TBI in transgenic mice overexpressing mutant APP
led to increased Af load; this resulted in massive hippocam-
pal neuronal death, which correlated with cognitive impair-
ment (Smith et al., 1998). Another study found that lithium
reduced Af load and improved Morris water maze perfor-
mance in an AD model (Rockenstein et al., 2007).

Taken together, the results of the present study strongly
suggest that lithium improved spatial learning and memory
by reducing Af load. Because it is well established that the
hippocampus is involved in learning and memory, and be-
cause lithium increased hippocampal preservation in this
study, we conclude that reducing hippocampal damage im-
proves memory function. It is also well recognized that syn-
aptic plasticity is key to regulating learning and memory.
Chronic lithium treatment has been shown to increase brain-
derived neurotrophic factor protein levels in the brain
(Fukumoto et al., 2001; Hashimoto et al., 2002; Jacobsen and
Mork, 2004), a neurotrophin that modulates synaptic plas-
ticity (Autry and Monteggia, 2012). Thus, long-term lithium
treatment was employed in this study to potentially maximize
its beneficial effects on learning and memory. It should be
noted that the behavioral benefits of lithium in various models
of CNS disorders, including Alzheimer’s disease, also require
long-term drug treatment (Chiu and Chuang, 2010). Because
high levels of Af have been shown to inhibit hippocampal
long-term potentiation and cause synaptic dysfunction and
memory deficits (Barry et al., 2011; Shankar et al., 2008), further
studies are warranted to address the effects of lithium on
synaptic plasticity in the TBI model animals.

The thalamus is also involved with memory. For example,
patients with thalamic lesions were found to have executive
memory impairments, especially with regard to spatio-
temporal relations (Weiler et al., 2011). In addition, increased
thalamic inflammation has been correlated with severity of
cognitive function in head trauma patients (Ramlackhansingh
et al., 2011). In the current study, lithium treatment attenuated
TBIl-induced Tau phosphorylation at Thr205 in the thalamus.
GSK-3 is a major kinase for Tau phosphorylation, and hyper-
phosphorylation of Tau has been linked to the pathology of AD
(Liu et al., 2012). Thus the effects of lithium on TBI-induced Tau
phosphorylation observed in the present study may also protect
against neurodegeneration and cognitive deficits.

It should be noted that in animal models of AD, Af; has
been shown to occur upstream of Tau phosphorylation (Oddo
et al., 2004); however, in a TBI model, Aff accumulation and
Tau phosphorylation were shown to be separate events (Tran
et al., 2011). The present study did not address the relation-
ship between Af accumulation and Tau phosphorylation.
Nevertheless, both Af accumulation and Tau phosphoryla-
tion can induce neuronal damage and result in additional
long-term functional deficits. Thus, by reducing both Af ac-
cumulation and Tau phosphorylation, lithium reduces hip-
pocampal tissue damage and subsequently improves spatial
learning and memory. In this context, in vitro studies have
shown that lithium reduces A load and Tau phosphorylation
through GSK-3 inhibition (Hong et al., 1997; Phiel et al., 2003;
Su et al., 2004). Recently, we and others reported that lithium
reduces hippocampal neuronal death after TBI by increasing
GSK-3f Ser9 phosphorylation, thereby inhibiting its enzy-
matic activity (Dash et al., 2011; Yu et al., 2012).

Taken together, the existing evidence suggests that the Af§
load reductions and beneficial behavioral effects associated
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with lithium in this study are likely mediated via GSK-3 in-
hibition. Lithium has a long history of safe and therapeutic
use in bipolar disorder; its clinical features are well-known
and safety is not a concern. The results of the present study
suggest that lithium could potentially be used to manage
memory impairment in head trauma victims and warrant
further investigation.
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