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Abstract

Lithium promotes acute poststroke neuronal survival, which includes mechanisms that are not limited to GSK3f inhib-
ition. However, whether lithium induces long-term neuroprotection and enhanced brain remodeling is unclear.
Therefore, mice were exposed to transient middle cerebral artery occlusion and lithium (I mg/kg bolus followed by
2 mg/kg/day over up to 7 days) was intraperitoneally administered starting 0—9 h after reperfusion onset. Delivery of
lithium no later than 6 h reduced infarct volume on day 2 and decreased brain edema, leukocyte infiltration, and
microglial activation, as shown by histochemistry and flow cytometry. Lithium-induced neuroprotection persisted
throughout the observation period of 56 days and was associated with enhanced neurological recovery. Poststroke
angioneurogenesis and axonal plasticity were also enhanced by lithium. On the molecular level, lithium increased
miR-124 expression, reduced REI-silencing transcription factor abundance, and decreased protein deubiquitination in
cultivated cortical neurons exposed to oxygen—glucose deprivation and in brains of mice exposed to cerebral ischemia.
Notably, this effect was not mimicked by pharmacological GSK3 inhibition. This study for the first time provides efficacy
data for lithium in the postacute ischemic phase, reporting a novel mechanism of action, i.e. increased miR-124 expres-
sion facilitating REST degradation by which lithium promotes postischemic neuroplasticity and angiogenesis.
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Introduction
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that lithium also exerts neuroprotective effects in  *Department of Neurology, University of Géttingen Medical School,
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brain injury, and neurodegenerative diseases,” © which .

bsequently gave rise to clinical trials. Whereas lith- Corresponding author:
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ium failed to improve outcome in patients suffering  Essen Hufelandstr 55, 45147 Essen, Germany.
from amyotrophic lateral sclerosis,” a first investigation  Email: thorsten.doeppner@uk-essen.de
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on a small study group provided evidence that lithium
might improve outcome in stroke patients.’®

In view of these translational bench-to-bedside
efforts, it is surprising that the majority of studies
used prophylactic, i.e. preischemic delivery strategies
for lithium.”'" In fact, only two studies evaluated
effects of postischemic lithium delivery in experimental
stroke models. Whereas one study administered lithium
immediately after unilateral global hypoxia-ischemia in
neonatal rats, another study evaluated effects of lithium
delivery 3 h after transient focal cerebral ischemia in
rats.'®!? Observation periods in these studies were
short. In the latter study, effects of lithium were eval-
uated only over 7 days. These studies did not allow for
assessment of effects of lithium on postacute brain
remodeling and plasticity.

The molecular pathways altered by lithium are
diverse and include but are not limited to inhibition
of the GSK3p pathway.'® Further pathways include
prevention of excitotoxicity, upregulation of anti-
apoptotic Bcl-2 and brain-derived-neurotrophic factor
(BDNF) as well as induction of prosurvival phosphati-
dylinositol 3-kinase (PI3K)/Akt, all of which promote
neuronal survival.'*'® Moreover, lithium stimulates
endogenous neurogenesis and promotes neuronal dif-
ferentiation under physiological conditions'*'*>* and
in models of global cerebral ischemia.'**!

Neuronal differentiation is critically controlled by
the REl-silencing transcription factor (REST, also
known as NRSF). In non-neuronal cells, REST abun-
dance is high leading to repression of brain microRNA-
124 (miR-124), whereas REST abundance is low in
cells committed to neuronal fate.”**> REST abundance
is controlled by the ubiquitin-proteasome-pathway>*
and has been shown to increase upon global?’
and focal’’*® cerebral ischemia. Using a mouse
model of focal cerebral ischemia in which miR-124
has intracerebrally been administered, we have
recently demonstrated a novel negative loop from
miR-124 to REST via the deubiquitinating enzyme
Uspl4 resulting in neuroprotection, neurogenesis, and
angiogenesis.”®

While regulation of REST abundance by lithium
has never been described under conditions of ischemia,
previous studies suggested a lithium-induced downre-
gulation of REST in neural progenitor cells (NPCs)
under nonischemic conditions in cell culture.?*-*
In the present study, we aimed to show whether or
not lithium’s neuroprotective properties persist in the
postacute ischemic phase, and whether they are asso-
ciated with sustained neurological recovery and brain
plasticity. Considering the role of the miR-124/REST
loop in controlling postischemic neurogenesis and
angiogenesis, we evaluated the role of miR-124 and
REST in lithium-induced brain remodeling.

Materials and methods
Experimental design

Experiments were performed according to EU guide-
lines for the care and use of laboratory animals follow-
ing the ARRIVE guidelines and were approved by local
government authorities (LANUYV and Bezirksregierung
Braunschweig). Both experimenters and analysts were
blinded to study groups, and animals were strictly ran-
domized to groups throughout the study. Time points
of animal sacrifice were 2, 4, and 56 days after stroke
induction. Animals were intraperitoneally (i.p.) treated
with normal saline (control group) or lithium chloride
(Sigma-Aldrich, Germany; subsequently addressed as
lithium only). Lithium dosage was chosen according to
previous reports'®!? with small modifications. Thus, a
dose of 1mmol/kg was i.p. administered during the
first injection, followed by daily doses of 2mmol/kg
from day 1 until animal sacrifice (animals randomized
to 2 or 4 days survival) or day 7 poststroke (animals
randomized to 56 days survival). In order to assess
the therapeutic time window of lithium, the first
in vivo study protocol included different time points of
first lithium injections, i.e. immediately after reperfusion
onset (“0h”), 3, 6, or 9h after induction of cerebral
ischemia. The treatment paradigm is summarized in
Supplementary Information Figure 1. In some experi-
ments, 20% dimethyl sulfoxide (DMSO) in normal
saline or the GSK3B inhibitor SB216763 (2mg/kg;
Sigma-Aldrich, Germany), dissolved in 20% DMSO in
normal saline, was i.p. delivered at the onset of reperfu-
sion. In accordance with a previously published proto-
col,®! these animals were sacrificed on day 4 poststroke.

Induction of focal cerebral ischemia

Transient focal cerebral ischemia was induced in male
C57BL6 mice (Charles River, Germany) as previously
described.*> Under anesthesia with isofluran (1.5%),
0, (30%), and N,O (68.5%), the left common carotid
artery was isolated and a silicon-coated nylon mono-
filament with a tip diameter of 180 um (Doccol, USA)
was inserted. The monofilament was gently moved
toward the left middle cerebral artery (MCA) and
stayed in place for 45 min under constant laser Doppler
flow (LDF) control. After monofilament removal, the
wounds were carefully sutured and LDF was monitored
for an additional 15min to ensure reperfusion.

Analysis of postischemic cell proliferation,
neurogenesis, and angiogenesis
For labeling of proliferating cells, mice received daily

1.p. bromodeoxyuridine (BrdU; 50mg/kg; Sigma-
Aldrich, Germany) injections on days 856 poststroke.
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The delayed delivery of BrdU injections was chosen in
order to avoid staining of proliferating microglia
during the acute and subacute stage of the stroke.
Animals were transcardially perfused with 4% parafor-
maldehyde in 0.1 M phosphate-buffered saline (PBS).
Brains were removed and frozen. Cryostat sections of
20 pm thick were obtained, which were used for quanti-
tative analysis of cell proliferation and differentiation that
were evaluated in peri-infarct tissue defining four regions
of interests (ROI) at 0.14mm anterior, 2.5-3.25mm
ventral, and 1.5-2.25mm lateral to bregma, as previ-
ously described.>? These ROI were essentially used for
all immunohistochemical analyses in this study (see
Supplementary Information Figure 2). Quantitative ana-
lysis was done using a Zeiss (Germany) fluorescence
microscope equipped with an Apotome.

Analysis of postischemic axonal plasticity

Axonal plasticity was analyzed using the anterograde tract
tracer biotinylated dextran amine (BDA; Molecular
Probes, USA), which was stereotactically infused over
Smin into the contralateral cortex 0.5mm rostral to the
bregma, 2.5mm lateral to the midline, and 1.5 mm below
the brain surface on day 42 poststroke.**** After infusion,
the infusion needle was kept in situ for additional 5min
before removal. Animals were sacrificed on day 56 post-
stroke, and brains were used for immunohistochemical
analysis of midline-crossing BDA-labeled fibers innervat-
ing the peri-infarct cortex, that were detected by 3,3'-
diaminobenzidine (DAB) staining. Axonal density was
evaluated in eight sections of each mouse by analyzing
six fields per section divided by total mean densities of
all mice. Data are always given as percentage of propor-
tional areas.

Analysis of postischemic neurological recovery

Neurological recovery was evaluated over as long as
56 days poststroke using the rota rod, tight rope,
corner turn, and the balance beam tests, as previously
described by our group.** Mice were trained 2 days
before stroke induction. In the rota rod test, the time
until the animal dropped an accelerating rotating rod
(4-40rpm) was recorded (maximal testing time 300s).
In the tight rope test the animal’s ability to cross a tight
rope was evaluated using a validated score from 0 (min)
to 20 (max). In the corner turn test, the mouse was
placed into an apparatus consisting of two vertical
boards forming an angle of 30°. When placed into the
corner, a healthy animal randomly leaves the corner to
either side, whereas an ischemic mouse preferentially
leaves the corner to the nonimpaired body side
(i.e. the left side). The laterality index (number of left
turns/10) was calculated after ten trials per test day.

A healthy animal typically reaches a score of “0.5,”
whereas a severely impaired animal reaches a score of
up to “1.” The balance beam test consists of a long
beam with constantly reduced width, which was ele-
vated from the ground. Animals had to reach the plat-
form at the end of the beam, and the time, until they
reached the platform was measured (maximum testing
time 60s). With exception of the corner turn test, which
was performed 10 times per day, all tests were per-
formed twice on occasion of each day, and means
were calculated for both tests that were used for further
data analysis.

Preparation of cultured neurons
and oxygen—glucose deprivation

Cortical neurons were prepared as previously described.
Cells were seeded on glass cover slips at a density of
125,000/cm” and incubated under standard cell culture
conditions in a humidified atmosphere at 5% CO,.
Oxygen—glucose deprivation (OGD) was induced by trans-
ferring cells to Sterofundin medium (Braun, Germany)
containing 1 mM mannitol and incubated at 37°C in a
hypoxic chamber (1% O,, 5% CO,, remainder N,) for
45min with subsequent re-incubation under standard cell
culture conditions for 24h. Treatment with lithium
(1mM) was done 24 h before OGD and repeated at the
beginning of reoxygenation. For some assays, cells were
treated with the GSK3p inhibitor SB216763 (1 uM solved
in 20% DMSO; Sigma-Aldrich, Germany) during reoxy-
genation at the end of OGD as previously described.’!
Cell viability was assessed using a Live/Dead Viability/
Cytotoxicity kit (Cambrex, Germany).

Evaluation of brain injury

Infarct volume and brain edema were analyzed by
2,3,5-triphenyltetrazolium chloride (TTC) staining on
2mm-thick brain slices on day 4 poststroke using
image J software.”® DNA-fragmented cells were evalu-
ated by TUNEL staining on day 2 poststroke. For this
purpose, 20 pm brain sections were incubated with pro-
teinase K (7min, 37°C), followed by exposure to ter-
minal desoxynucleotidyl transferase (TDT) mix,
containing 12.5mg/ml TDT and 25 mg/ml biotinylated
dUTP TdT and enzymes according to the manufac-
turer’s manual (Roche, Germany). After repeated
washing steps, sections were stained with a streptavi-
din-Alexa488-conjugated secondary antibody (2h,
room temperature; Abcam, Germany).

Immunohistochemical analyses

Brain sections were labeled with the following primary
antibodies that were used alone or in combination with
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each other: rat anti-BrdU (1:50; Abcam), mouse
anti-BrdU (1:400; Roche Diagnostics, Switzerland),
goat anti-doublecortin (anti-Dcx, 1:50; Santa Cruz
Biotechnology, Germany), mouse anti-NeulN (1:200;
Millipore, Germany), and rat anti-CD31 (1:200; BD
Biosciences, USA). After repeated washing steps, sec-
tions were incubated for 1 h at room temperature with
secondary antibodies that included goat anti-mouse
Cy-3 (1:400; Dianova, Germany), goat anti-rat Alexa
594 (1:400; Dianova), donkey anti-goat Alexa 488
(1:250; Invitrogen, Germany), goat anti-mouse Alexa
488 (1:100; Jackson ImmunoResearch, Germany), and
goat anti-rat Alexa 488 (1:250; Invitrogen). For ana-
lysis of activated microglia, sections were labeled with
biotinylated anti-Ib4 antibody (1:25, Vector, USA) that
was detected by Alexa488-conjugated streptavidine
(1:50, Invitrogen).

Analysis of brain leukocyte infiltration
by flow cytometry

Absolute leukocyte numbers were determined in ische-
mic hemispheres by flow cytometry on day 4 poststroke
using Percoll gradient as described by our group
before.**3>3¢ Briefly, ischemic left hemispheres were
mechanically homogenized in lysis buffer (collagenase
type XI (125 U/ml), hyaluronidase (60 U/ml), and col-
lagenase (450 U/ml) in Ca>*/Mg>" supplemented PBS).
Cells were incubated with a rat anti-CD45 antibody
(BioLegend, Germany). Only the total amount of
CD45™™eh Jeukocytes were counted as a means to cal-
culate total leukocyte numbers.

Measurement of oxidative stress

Oxidative stress was measured on day 2 poststroke as
previously described.?® Briefly, left ischemic hemi-
spheres were homogenized, and thiobarbituric acid
(TBA) reactive substances (TBARS) giving rise to a
chromogenic compound during peroxidation were
photometrically measured.

Quantitative reverse transcriptase polymerase
chain reaction for miR-124 expression analysis

MiR-124 was evaluated in cell lysates 24 h after ODG
or brain lysates 4 days after MCA occlusion following
previously published protocols.’”*® Total RNA was
extracted using the miR-Vana RNA kit (Life
Technologies, Germany), of which 10 ng was used for
further sample processing. MiR124 expression was
measured using the TagMan® MicroRNA Assay (Life
Technologies). Data were evaluated as fold expression
change using the comparative Ct (AACt) method with
U6 as endogenous control.

Western blot analysis of REST abundance

REST abundance was examined by Western blotting in
cell lysates 24 h after ODG or brain lysates 4 days after
MCA occlusion.?® Briefly, cells or tissue samples were
complemented with lysis buffer (50 mmol/l Tris, pH 8.0,
150 mmol/l NaCl, 1% Triton X-100, and protease
inhibitors), homogenized, and centrifuged. After
SDS-PAGE and transferal of proteins onto PVDF
membranes, membranes were incubated with a rabbit anti-
body directed against amino acids 1-290 of the REST
molecule (Santa Cruz Biotechnology, Germany) or goat
anti-actin antibody (Millipore, Germany). Membranes
were incubated with peroxidase-coupled secondary anti-
body (Santa Cruz Biotechnology) and exposed to
ECL-Hyperfilm (Amersham, Freiburg, Germany).

Determination of deubiquitination activity

Deubiquitination activity was measured as previ-
ously described®® using 50 uM of ubiquitin-7-amino-4-
methylcoumarin (AMC; Enzo Life Sciences, Germany)
as reaction substrate in cell lysates 24 h after ODG or
brain lysates 4 days after MCA occlusion. Cells or
brain samples were complemented with lysis buffer con-
taining 100mM Tris-HCI, 145mM NaCl, 10mM
EDTA, and 0.5% Triton X-100 at pH 7.3. Thereafter,
lysates were incubated with reaction buffer that consisted
of 50mM Tris-HCI (pH 7.5), | mM EDTA, 1 mM ATP
(Sigma-Aldrich), 5SmM MgCl,, 1 mM DTT, and | mg/ml
ovalbumin (Sigma-Aldrich). Protease activities were
given as arbitrary fluorescence units. Protein contents
were measured using the Bradford assay.

Statistical analysis

Statistical analysis was performed using Student’s
t tests (comparison between two groups) or one-way
analysis of variance (ANOVA) followed by Tukey’s
post hoc tests (comparison between multiple groups).
Data were presented as means =+ standard deviations
(SDs). p values < 0.05 were regarded to indicate statis-
tical significance.

Results

Lithium induces long-term neuroprotection
associated with functional neurological recovery
when delivered up to 6 h dfter reperfusion

Previous studies using postischemic delivery strategies
of lithium are scarce.'®'? focusing either on neonatal
models of unilateral global hypoxia—ischemia with
immediate postischemic lithium delivery or on models
of focal cerebral ischemia with lithium delivery within
3 h poststroke and observation periods of 7 days only.
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Figure . Lithium protects against focal cerebral ischemia when
delivered up to 6 h poststroke. Mice were exposed to 45 min of
intraluminal middle cerebral artery (MCA) occlusion, intraperi-
toneally treated with normal saline (control) or lithium (I mg/kg
bolus, followed by 2 mg/kg/day) starting at the indicated time-
points and sacrificed after 4 days. Infarct volume was determined
by triphenyltetrazolium chloride (TTC) staining (n =6 mice per
group). Representative TTC stainings for each condition are
shown in the same order as in the graph. *Significantly different
from control with p:0.026.

We therefore analyzed the therapeutic window of lith-
ium’s neuroprotective properties using TTC stainings,
demonstrating that lithium reduced infarct volume on
day 4 poststroke when delivered up to 6 h after reperfu-
sion (Figure 1). In view of these findings, we systemat-
ically administered lithium at 6h poststroke in all
subsequent studies.

Lithium reduced the density of TUNEL positive, i.e.
DNA-fragmented cells in the ischemic striatum 2 days
poststroke (Figure 2(a)), which is in line with the afore-
mentioned reduction of infarct volume on day 4.
Likewise, brain edema was significantly reduced 4 days
poststroke after treatment with lithium (Figure 2(c)). Of
note, lithium-induced neuroprotection was not transient,
but persisted over as long as 56 days, as revealed by an
increased density of surviving NeuN" neurons in the
peri-infarct striatum (Figure 2(d)). Structural neuropro-
tection induced by lithium was associated with reduced
motor coordination impairment in the rota rod, tight
rope, corner turn, and balance beam tests (Figure 3).

Lithium reduces postischemic inflammation and
ameliorates oxidative stress

Brain inflammation and oxidative stress are key com-
ponents contributing to ischemic injury development.

We therefore analyzed microglial activation and
leukocyte infiltration in the ischemic brain 2 days post-
stroke by Ib4 immunohistochemistry and CD45 flow
cytometry, furthermore evaluating oxidative stress by
TBARS formation. Lithium reduced the density of
reactive Ib4' microglia (Figure 4(a)), decreased the
number of CD45Me" Jeukocytes (Figure 4(b)), and
diminished oxidative stress (Figure 4(c)) in the ischemic
brain tissue.

Lithium stimulates postischemic neurogenesis,
angiogenesis, and axonal plasticity

Based on observations that lithium promotes neurogenesis
in models of global cerebral ischemia,'**! we next analyzed
whether sustained neuroprotection was associated with
increased brain plasticity (also depicted in Supplementary
Information Figure 3). Delivery of lithium increased the
density of BrdU™, i.e. proliferating cells in the peri-infarct
tissue at 56 days poststroke (Figure 5(a)). Differentiation
analysis revealed increased expression of the neuronal mar-
kers Dcx and NeuN in BrdU™ cells of lithium treated mice
(Figure 5(b) and (c)), indicating that lithium enhanced
neurogenesis. Of note, one has to keep in mind that
BrdU labeling does not exclusively indicate neurogenesis
but cell proliferation per se and also DNA repair,*
albeit the likelihood of these events are limited due to
the BrdU labeling protocol chosen.

Considering that neurogenesis is closely associated
with angiogenesis in the ischemic brain,*' we further
analyzed the expression of the endothelial marker
CD31 in BrdU™ cells. In these studies, an increased
co-localization of BrdU and CD31 was noticed in
CM-treated mice, suggesting that lithium stimulated
angiogenesis (Figure 5(d)).

To evaluate whether lithium increased axonal plas-
ticity, we also analyzed the density of terminal fibers in
the peri-infarct cerebral cortex by means of anterograde
tract-tracing using BDA. Delivery of lithium increased
the density of axons in the peri-infarct cortex originat-
ing from the contralesional motor cortex at 56 days
poststroke (Figure 5(e)). Thus, lithium had profound
effects on brain plasticity that were likely to contribute
to neurological recovery.

Lithium increases miR-124 expression and decreases
REST abundance after OGD

Although robust evidence suggests that lithium similar
to other mood stabilizers regulates miRNA expression
in vitro,*** there have hitherto been no data suggest-
ing poststroke regulation of miR-124 by lithium. As a
proof of concept, we therefore analyzed in cultivated
cortical neurons exposed to OGD whether miR-124
expression was influenced by lithium. As expected,
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Figure 2. Lithium induces long-term neuroprotection that persists in the postacute stroke phase. Mice were exposed to 45 min of
intraluminal MCA occlusion and intraperitoneally treated with normal saline (control) or lithium (1 mg/kg bolus, followed by 2 mg/kg/
day) starting at 6 h after reperfusion over up to 7 days. (a) Analysis of TUNEL positive cells in the ischemic striatum after 2 days, (b)
TTC-analysis for depicture of infarct volume on day 4 taken from Figure |, (c) analysis of brain edema using TTC from (b), and (d)
analysis of long-term neuronal survival in the ischemic striatum using NeuN immunohistochemistry after 56 days (n= 12—13 mice per
group). Representative TUNEL stainings and NeuN immunohistochemistries are shown. Scale bars: 50 pm. *Significantly different from
controls with $:0.012 (a), p:0.037 (b), p:0.021 (c), and p:0.017 (d).

lithium protected neurons against cell death 24 h after
OGD induction (Figure 6(a)). Neuroprotection by
lithium was associated with increased miR-124 expres-
sion (Figure 6(b)). Of note, delivery of a selective
GSK3p inhibitor, SB216763, did not induce miR-124
expression (Figure 6(b)), albeit SB216763 conferred
neuroprotection in cortical neurons (data not shown).
In line with the increased miR-124 expression, REST
abundance in cortical neurons was significantly reduced
by lithium (Figure 6(c)). Since REST abundance is con-
trolled by the ubiquitin-proteasome pathway>® we also
measured protein deubiquitination in cortical neurons
exposed to OGD. These studies showed that lithium
reduced deubiquitination activity (Figure 6(d)).

Lithium increases miR-124 expression and decreases
REST abundance dfter focal cerebral ischemia

In light of these in vitro studies, we further evaluated
lithium’s effects on miR-124 expression, REST

abundance, and protein deubiquitination after focal cere-
bral ischemia in mice. Similar to OGD in vitro, lithium
elevated miR-124 expression, reduced REST abundance,
and decreased protein deubiquitination in ischemic brain
tissue 4 days poststroke (Figure 7(a) to (c)). Again, the
GSK3p inhibitor SB216763 did not influence miR-124
expression (Figure 7(a)), although SB216763 reduced
ischemic injury (data not shown). Hence, lithium stimu-
lates miR-124 expression in vitro after OGD and in vivo
after stroke, reducing REST abundance most likely due
to increased proteasomal degradation.

Discussion

In the present study we show that postischemic delivery
of lithium induces long-term neuroprotection after
focal cerebral ischemia in mice, when administered up
to 6 h after reperfusion onset. The survival-promoting
effects of lithium persisted in the postacute stroke
phase, up to 56 days poststroke, and were associated
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Figure 3. Lithium induces sustained postischemic neurological recovery. Mice were exposed to 45 min of intraluminal MCA
occlusion and intraperitoneally treated with normal saline (control) or lithium (I mg/kg bolus, followed by 2 mg/kg/day) starting at 6 h
after reperfusion over up to 7 days. Neurological recovery was assessed using (a) rota rod, (b) tight rope, (c) corner turn, and (d)
balance beam tests (n = 12—13 mice per group). *Significantly different from controls with p:0.009-0.021 (a), p:0.015-0.043 (b),

p:0.024-0.032 (c), and p:0.014-0.046 (d).

with enhanced neurological recovery in a battery of
motor-coordination tests. Delivery of lithium increased
neurogenesis, angiogenesis, and axonal plasticity in the
peri-infarct brain tissue. On the molecular level, lithium
increased the expression of miR-124, reduced the abun-
dance of REST, and decreased protein deubiquitination
in peri-infarct brain tissue. Our data suggest that the
regulation of the miR-124 and REST pathways contrib-
uted to lithium-induced postischemic brain remodeling
via mechanisms involving protein degradation via the
proteasome.

Only two studies so far evaluated effects of postis-
chemic lithium delivery in experimental models resem-
bling stroke. Whereas one study administered lithium
immediately after unilateral global hypoxia-ischemia in
rats, another study evaluated effects of lithium delivery
3h after transient focal cerebral ischemia in rats.'®!?
The present study expands these data to mice, demon-
strating that lithium protects against stroke, when
delivered up to 6h after reperfusion onset. Based
on these findings, lithium might offer a promising
add-on treatment next to thrombolysis. In earlier stu-
dies with postischemic delivery of lithium, observation
periods were short. In the study by Ren et al.,'

postischemic recovery was evaluated over up to 7 days.
These studies did not allow for assessment of long-term
effects of lithium on postacute brain remodeling and
plasticity. By evaluating animals over up to 56 days,
we now show that the recovery-promoting effects of lith-
ium are sustainable and that they are associated with
profound brain remodeling and plasticity.

Indeed, by means of BrdU incorporation studies and
anterograde tract tracing experiments using BDA we
show that lithium enhances postischemic cell prolifer-
ation, neurogenesis, angiogenesis, and axonal plasticity
in the peri-infarct brain tissue in the postacute
stroke phase. Promotion of neurogenesis by lithium
has previously been demonstrated under nonischemic
conditions'®* and in models of global cerebral ische-
mia.'>?! While Li et al. observed increased postis-
chemic cell proliferation and elevated neuronal
differentiation in the dentate gyrus after lithium
delivery in a rat model of unilateral neonatal hypoxia-
ischemia, Yan et al. reported increased cell prolifer-
ation without enhanced neuronal differentiation after
prophylactic lithium delivery in an adult rat model of
global cerebral ischemia. Differences in animal models
(neonatal vs. adult rats/unilateral vs. bilateral global
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Figure 4. Lithium reduces postischemic brain inflammation and oxidative stress. Mice were exposed to 45 min of intraluminal MCA
occlusion, intraperitoneally treated with normal saline (control) or lithium (I mg/kg bolus, followed by 2 mg/kg/day) starting at 6 h after
reperfusion and sacrificed after 2 days. (a) Reactive microglia in the ischemic striatum, assessed by Ib4 immunohistochemistry, (b) total
number of CD45™"8" Jeukocytes in the ischemic hemisphere, examined by flow cytometry, and (c) analysis of oxidative stress in the
ischemic hemisphere, evaluated by thiobarbituric acid reactive substances (TBARS) formation (n =7 mice per group). Representative
Ib4 immunohistochemistries are shown. Scale bars: 40 um. *Significantly different from control with p:0.011 (a), p:0.020 (b), and

p:0.042 (c).

cerebral ischemia) and observation periods (3 vs.
7 weeks) may explain diverging findings in these earlier
studies.

In the present study, lithium increased neurogenesis
in the peri-infarct brain tissue over up to 56 days.
Overall neuronal differentiation rates were low, sug-
gesting that new-born cells did not replace lost neural
tissue to a relevant extent. Rather, new-born cells may
have acted in a paracrine way, releasing trophic factors
into the brain tissue that stimulated remodeling of the
ischemic brain parenchyma.*>**® Interestingly, both
angiogenesis and axonal plasticity were also enhanced
by lithium in the peri-infarct brain tissue, again

supporting the hypothesis that neurogenesis, angiogen-
esis, and axonal plasticity are tightly linked in the ische-
mic brain.*!

The mechanisms via which lithium promoted
neurogenesis, angiogenesis, and axonal plasticity are
still unknown. Previous work has shown that brain
miR-124, which is negatively regulated by REST, is
intimately involved in neuronal differentiation.**>*
Upon conditions of global and focal cerebral ischemia,
REST abundance in the brain was increased and con-
tributed to brain injury.?”*® Previous studies of our
group identified a hitherto unknown mechanism by
which miR-124 inhibits the postischemic increase of
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Figure 5. Lithium stimulates peri-infarct cell proliferation, neurogenesis, angiogenesis, and axonal plasticity. Mice were exposed

to 45 min of intraluminal MCA occlusion, intraperitoneally treated with normal saline (control) or lithium (I mg/kg bolus, followed by
2 mg/kg/day) starting at 6 h after reperfusion over up to 7 days and sacrificed after 56 days. (a) Assessment of postischemic cell
proliferation by bromodeoxyuridine (BrdU) incorporation in the ischemic striatum, (b—d) differentiation analysis of BrdU" cells in the
ischemic striatum based on co-expression of neuronal markers Dcx (in b) and NeuN (in c) (indicative of new-born neurons, i.e.
neurogenesis) or endothelial marker CD31 (in d) (indicative of new-born endothelium, i.e. angiogenesis), as well as (e) determination of
axonal density in the peri-infarct cortex after contralesional injection of the anterograde tract tracer biotinylated dextran amine (BDA)
(n=12-13 per group). Data for axonal densities are given as percentage of proportional areas as indicated in the materials and methods
section. *Significantly different from controls with p:0.029 (a), p:0.005 (b), p:0.013 (c), p:0.045 (d), and p:0.008 (e). Scale bars: 50 um.

REST abundance.?® Although some papers described a That miR-124 is increased after focal cerebral ische-
regulation of REST or miRNAs by mood stabilizers mia® and protects against ischemic injury®® has previ-
such as lithium under nonischemic conditions,?*******  ously been shown by others and ourselves. Of note, the
the regulation of miR-124 and REST by lithium is new. lithium-induced elevation of miR-124 expression is
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Figure 6. Lithium increases miR-124 expression, reduces REST abundance, and decreases protein deubiquitination in cortical
neurons exposed to oxygen—glucose deprivation (OGD). Cultivated cortical neurons were exposed to OGD for 45 min and sub-
sequently recultivated under standard cell culture conditions for 24 h. Cells were exposed to normal saline (control) or lithium (I mM
dissolved in normal saline) starting 24 h before OGD, while the GSK3 inhibitor SB216763 (I uM dissolved in DMSO) was added at
the end of OGD. (a) Cell death, evaluated using a Live/Dead Viability/Cytotoxicity kit, (b) miR-124 expression, assessed by RT-PCR,
(c) REST abundance, analyzed by Western blots (using actin as housekeeping protein for controlling protein loading), and (d) protein
deubiquitination, measured by ubiquitin-AMC (always n =4 independent experiments or samples). Note that the GSK3f inhibitor
SB216763 similar to its solvent DMSO did not affect miR-124 expression in (b), indicating that miR-124 induction by lithium was
independent of lithium’s GSK3f inhibitory activity. *Significantly different from controls with p:0.047 (a), p:0.034 (b), p:0.036 (c), and

$:0.002-0.027 (d).

likely to be independent of the GSK3f inhibition prop-
erties of lithium.'® Thus, the delivery of the GSK3B
inhibitor SB216763 did not mimic lithium’s effects on
miR-124 expression, neither in vitro nor in vivo. In
view of earlier findings,”® we hypothesize that the ele-
vation of miR-124 expression may have been respon-
sible for the degradation of REST. As previously
reported for miR-124 delivery,”® the increased
miR-124 expression after lithium delivery was asso-
ciated with reduced deubiquitination activity.
Following miR-124 delivery, the inhibition of deubiqui-
tination activity was evoked by the inhibition of the
deubiquitinating enzyme Usp14.?® It facilitated protea-
somal REST degradation.”® Yet, one has to keep in
mind that the lithium-regulated signaling pathways

observed in the present study might not exclusively be
causally connected with each other. Such a conclusion
would have needed further experiments which were
beyond the scope of the present work.

The regulation of miR-124 and REST by lithium
further expands previous evidence that miR-124 and
REST might represent promising targets, which might
successfully be modulated by neurorestorative drugs. In
light of the recently conducted clinical trial on the
therapeutic benefit of lithium in stroke patients,®>°
the effects of lithium on postacute ischemic brain
remodeling and plasticity will deserve attention in
future experimental and preclinical studies. Lithium
represents a cheap pharmacological compound with
substantial clinical experience even after prolonged
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Figure 7. Lithium increases miR-124 expression, reduces REST abundance and decreases protein deubiquination after focal cerebral
ischemia in mice. Mice were exposed to 45 min of intraluminal MCA occlusion, intraperitoneally treated with normal saline (control)
or lithium (I mg/kg bolus, followed by 2 mg/kg/day) starting at 6 h after reperfusion and sacrificed after 4 days. In some studies, the
GSK3 inhibitor SB216763 (2 mg/kg dissolved in DMSO) was intraperitoneally administered at the onset of reperfusion. (a) miR-124
expression, assessed by RT-PCR, (b) REST abundance, analyzed by Western blots (using actin as housekeeping protein for controlling
protein loading), and (c) protein deubiquitination, measured by ubiquitin-AMC, in ischemic brain tissue (n =7 mice per group). Note
that the GSK3p inhibitor SB216763 similar to its solvent DMSO did not affect miR-124 expression in (a), indicating that miR-124

induction by lithium was independent of lithium’s GSK3 inhibitory activity. *Significantly different from controls with p:0.016 (a),

p:0.029 (b), p:0.018-0.042 (c).

delivery in mood disorders. Nevertheless, lithium also
possesses a narrow therapeutic window which limits its
clinical use. As such, studies using lithium analogues
with better side effect profiles as well as different lithium
salt compounds are currently under investigation
with respect to their therapeutic potential against
mood disorders.”” Corresponding studies in the stroke
field, however, do not yet exist. Therefore, additional
studies using either lithium or analogues will have to
rule out dose-responses and will have to test whether or
not lithium and its analogues are similarly effective in
aged animals with vascular risk factors, thus better
reflecting the actual clinical situation with stroke
patients.
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