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Mechanisms Dispute the Importance of Akt Activity
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ABSTRACT: Lithium is a mood stabilizer shown to have neuroprotective effects against several chronic and
acute neuronal injuries, including stroke. However, it is unknown whether lithium treatment protects against
brain injury post-stroke in a rat model of permanent distal middle cerebral artery occlusion (MCAO0)
combined with transient bilateral common carotid artery occlusion (CCA0), a model that mimics human
stroke with partial reperfusion. In addition, whether lithium treatment alters Akt activity as measured by the
kinase activity assay has not been reported, although it is known to inhibit GSK3p activity. After stroke, Akt
activity contributes to neuronal survival while GSK3p activity causes neuronal death. We report that a bolus
of lithium injection at stroke onset robustly reduced infarct size measured by 2,3,5-triphenyltetrazolium
chloride (TTC) staining at 48 h post-stroke and inhibited cell death in the ischemic penumbra, but not in the
ischemic core, as shown by TUNEL staining performed 24 h post-stroke. However, lithium treatment did not
alter the reduction in Akt activity as measured by Akt kinase assay. We further showed that lithium did not
alter phosphorylated GSK3p protein levels, or the degradation of B-catenin, a substrate of GSK3p, which is
consistent with previous findings that long-term treatment is required for lithium to alter GSK3p
phosphorylation. In summary, we show innovative data that lithium protects against stroke in a focal
ischemia model with partial reperfusion, however, our results dispute the importance of Akt activity in the

protective effects of lithium.
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Lithium has been clinically used for more than 60 years
[1] and it is still one of the primary drugs used to treat
bipolar mood disorder [2]. In addition, lithium treatment
has neuroprotective effects against diverse diseases,
including Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease in both animal models and human
patients [3, 4]. Lithium treatment also decreases
ischemic damage in both focal and global cerebral
ischemia in adult animal models and in ischemia/hypoxia
models of neonatal animals [4-10]. Beneficial effects of
post-ischemic administration of lithium have also been
reported [8, 11]. In these studies either permanent focal
ischemia or ischemia with total reperfusion was induced.
Previous studies, however, have reported that a large
portion of stroke patients experience focal ischemia with
only partial reperfusion, that most spontaneous

recanalization after stroke results in partial reperfusion
[12] and that t-PA treatment leads to partial reperfusion
in most stroke patients [13]. Therefore, the mechanisms
of brain injury in focal ischemia with partial reperfusion
versus ischemia with permanent occlusion or with total
reperfusion may differ. Whether lithium treatment also
reduces brain injury in focal ischemia with partial
reperfusion remains to be clarified.

In addition, the underlying protective mechanisms of
lithium treatment are not well understood. The Akt
pathway has a critical role in neuronal survival after
stroke.  Activated Akt blocks apoptosis by
phosphorylating its substrates, including GSK3p. Non-
phosphorylated, thus activated GSK3[ phosphorylates f3-
catenin, which leads to its proteasomal degradation and
apoptosis [14]. The protective effects of lithium
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converge on dual inhibitory functions—it directly
1nh1b1ts GSK3p activity as a competitive inhibitor of
Mg®* or indirectly inhibits GSK3p activity through
promotion of GSK3pB phosphorylation [15]. However,
few reports have examined the protective effects of
lithium on Akt activity in focal ischemia. Furthermore,
most studies only examined protein levels of
phosphorylated Akt [14], but a series of our and others’
studies have shown that Akt phosphorylation does not
represent its true activity [16-19]; an in vitro Akt kinase
assay should therefore be performed. Here, we studied
the effects of acute treatment of lithium in a distal
MCAo0 model of stroke with partial reperfusion and
examined the neuroprotective mechanisms involving the
Akt pathway.

MATERIALS AND METHODS

Focal Cerebral Ischemia and lithium treatment

All experimental protocols performed on animals were
approved by the Stanford University Administrative
Panel on Laboratory Animal Care according to the NIH
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guide lines for the care and use of laboratory animals.
Focal cerebral ischemia was generated as described
previously [16, 17, 20-22]. Male Sprague-Dawley rats
weighing 270-350 g (Charles River, Wilmington, MA,
USA) were used. After rats were anesthetized with 2-3%
isoflurane, the bilateral common carotid arteries (CCAS)
were isolated and occluded by micro clips, and after 2
min the distal portion of MCA was permanently
cauterized. CCAs remained occluded for 30 min and the
clips were removed. Lithium chloride (LiCl, 3 mg/kg
i.p.) or normal saline was administered when stroke was
induced. The surgery for stroke was performed as a
blinded procedure by a surgeon who did not know the
treatment condition. Rats were sacrificed at 1, 5, 24 h
after stroke (Fig.1A), and tissues corresponding to the
ischemic core and penumbra were dissected and
prepared for Western blot analysis (Fig.1B). The
ischemic region spared by lithium treatment is defined as
the ischemic penumbra (region 1) and the area of
infarction not spared by lithium treatment is defined as
ischemic core (region 11). Samples from sham-operated
rats without stroke were also prepared as control.

LiCl

Fig. 1. Administration of lithium reduced infarct size. A. Representative cerebral infarcts stained by a 2% TTC solution.
Ischemic brains were harvested 48 h after stroke, sectioned into 5 blocks, and stained with TTC solution. Control, the group
with control ischemia; LiCl, the group receiving both ischemia and lithium treatment. B. Infarct size of the ischemic cortex was
measured, normalized to the contralateral cortex and expressed as a percentage according to the following formula: [(area of
non-ischemic cortex - area of remaining ischemic cortex)/area of non-ischemic cortex] x 100. A mean value from the 5 blocks
is presented. * P<0.05, vs. control. N=7/each group. C. Definition of ischemic core and penumbra. Tissue corresponding to the
ischemic penumbra and core was dissected for the Akt kinase and Western blot assays. The gray region (1), including the black
region (I1), represents ischemic injury in a control rat with ischemia alone; the black region (II) represents infarction in a rat
receiving ischemia plus lithium. The region spared by lithium is defined as the penumbra (region 1) and the black area is
defined as the ischemic core (region II). These regions were dissected for Western blot analysis. The corresponding non-
ischemic cortex from a sham animal without ischemia was dissected for comparison.
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Fig.2. Cell death detection using TUNEL staining in the ischemic penumbra. Ischemic brains harvested 24 h after stroke were
post-fixed with 4% PFA and 20% sucrose for 24 h, and sectioned for TUNEL and DAPI staining. No TUNEL-positive staining was
detected in sham animals, but positive cells were abundant in ischemic brains with control ischemia. Lithium treatment blocked

TUNEL-positive staining in the ischemic penumbra but not in the ischemic core. N=3/each group. Scale bar, 20 pm.

Infarct size measurement

Infarct size of the ischemic cortex was measured as
described previously [16, 17, 20-22]. In brief, 5 blocks of
2-mm coronal sections were prepared from rat brains 48
h after stroke, stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC) for 10 min and fixed with 4%
paraformaldehyde. Infarct size was normalized to the
contralateral cortex and expressed as a percentage
according to the following formula: [(area of non-

ischemic cortex - area of remaining ischemic

cortex)/area of non-ischemic cortex] x 100.

Tissue preparation and Western blot Analysis

Protein solutions for Western blot analysis were prepared
as previously described [16, 17, 23, 24]. Brain tissues
were homogenized in cell lysis buffer (Cell Signaling
Technology, MA) with protease inhibitor cocktail and
phosphatase inhibitor cocktail | and 1l (Sigma, St Louis,
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MO). The lysates were centrifuged at 14,000 x g for 10
min and the supernatant was removed for
immunoblotting. A total of 12 pg of protein was
subjected to SDS-PAGE using 4-15% Ready Gel Tris-
HCI gel (Bio-Rad, Hercules, CA). Protein bands were
transferred from the gel to Hybond-LFP PVDF
membranes (GE Healthcare Bioscience, Arlington
Heights, IL). After transfer, the membranes were
incubated with antibodies to GSK3p (1:1000,Cell
Signaling  Technology = #9315,  p-GSK3p(Ser9)
(1:1000,Cell Signaling Technology #9336) and B-catenin
(1:1000,Upstate #05-482) overnight at 4°C followed by a
horse-radish peroxidase-conjugated secondary anti-rabbit
antibody (1:2000; Cell Signaling Technology, Beverly,
MA) for 1 hr. Membranes were developed in ECL Plus
reagent (GE Healthcare Bioscience, Arlington Heights,
IL). The membranes were also incubated with an anti-f-
actin antibody (Sigma, St Louis, MO) followed by Alexa
Fluor 647 donkey anti-mouse 1gG (Invitrogen, Carlsbad,

CA) to confirm equal loading of protein. Signals were
detected by scanning with Typhoon Trio (GE Healthcare
Bioscience, Arlington Heights, IL). Densities of protein
bands were analyzed with ImageQuant software
(Molecular Dynamics).

Akt kinase assay

The Akt Kinase Assay Kit (Cell Signaling Technology,
MA) was used to analyze Akt kinase activity. Cell
lysates were prepared similarly to those for Western
blotting. Cell lysates were incubated with beads
conjugated with Phospho-Akt (Ser473) (D9E) Rabbit
monoclonal antibody (IgG) for co-immunoprecipitation
with Akt, and the beads were then incubated with
peptide GSK3 substrate. Akt activity was determined by
the amount of GSK3 phosphorylated by Akt as detected
by Western blot and described previously [16, 17].

1h 5h 24h
sham control LiCl sham control LiClI sham control LiCl
PGSK3 s s s S s e e e
120% +
H control
100% - @ LiCl
80% A
S
€ 60% A
[v]
=
o
40% -
20% A

0% -

1h

5h 24h

Fig.3. Lithium treatment did not change Akt kinase activity after stroke. Akt kinase activity at 1, 5 and
24 h after ischemia was measured. Akt activity was determined by the amount of GSK3 substrate
phosphorylated by Akt as detected by Western blot. Representative relative optical densities of protein bands
from the ischemic penumbra are shown in the bar graphs. Optical densities were normalized to those of sham
samples, which were set as 100%. n=4-5 per group. *P<0.05 vs. sham.
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Terminal  deoxynucleotidyl  transferase-mediated
uridine  5’-triphosphate-biotin  nick end labeling
(TUNEL) staining

Brains 48 h after MCAo0 were post-fixed with 4% PFA
and 20% sucrose for 24 h, and cut into four 3-mm
coronal blocks. A cryostat was used to prepare 40 pum
sections. TUNEL staining was performed as described
previously [22].
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Statistics

All results were presented as mean + S.E.M. Infarct sizes
between two groups were compared using the t-test.
Comparisons for more than 3 groups of Western blot
results were performed using ANOVA followed by the
Student-Newman-Keuls post hoc test.
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Fig.4. A. Lithium treatment did not affect protein levels of phosphorylated GSK3p and total GSK3p. Representative protein
bands of p-GSK3p, total GSK3p, and B-actin are shown. The bar graphs show the quantitation results of the protein bands. Brain
samples harvested 5 and 24 h after ischemia were investigated, and ischemic core and penumbra were compared. n=5 per group.

*P<0.05 vs. sham.

RESULTS

Administration of lithium reduced brain injury in focal
ischemia with partial reperfusion

Stroke induced by distal MCAo plus bilateral CCAo
generated ischemic infarction in the cortex (Fig.1A) as
we described previously [17, 22]. When the bilateral
CCAs are released while the distal MCA remains
occluded, partial reperfusion occurs in the ischemic
brain. Our results showed that lithium injected at the
onset of stroke significantly reduced infarct size
compared to vehicle control measured at 48 h after

stroke (Fig.1B). In addition, TUNEL staining in brain
tissues harvested 24 h after ischemia confirmed that
lithium treatment reduced cell death. The staining
regions of ischemic core and penumbra are shown in Fig.
1C; the ischemic region that developed into the
infarction is defined as ischemic core and the ischemic
region that was spared by lithium is defined as the
ischemic penumbra. TUNEL-positive staining was found
in both the ischemic core (data not shown) and penumbra
of brains treated with vehicle (Fig.2); however, it was
found in the core but not in the penumbra in lithium-
treated ischemic brains (Fig.2). No positive staining was
detected in sham rats without ischemia. Taken together,
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lithium treatment reduced brain injury in the stroke
model with partial reperfusion.

Lithium treatment did not change Akt kinase activity
after stroke, arguing against the importance of Akt

We performed an in vitro Akt kinase assay to determine
whether lithium affects Akt activity. Brain tissues were
dissected from ischemic penumbra 1, 5 and 24 h after
ischemia. Akt kinase activity was significantly decreased
at 1 and 24 h after ischemia (Fig.3). It was also
decreased at 5 h post-stroke, although no significant
difference was detected when compared to the sham
control. Even though lithium reduced infarct size, it did
not significantly alter Akt activity (Fig.3).
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Lithium had no effect on GSK3f phosphorylation or f3-
catenin protein levels

Lithium treatment did not affect Akt activity; therefore,
we further investigated whether it affects downstream
signaling molecules in the Akt pathway, including
GSK3p and B-catenin. Western blot results showed a
significantly reduced level of p-GSK3[ protein in the
ischemic core at 24 h after stroke, but not in the ischemic
penumbra. Lithium treatment had no effect on its
expression level (Fig.4). In addition, the level of f-
catenin protein expression was robustly reduced after
stroke in both the ischemic core and penumbra, at both 5
and 24 h. Lithium treatment did not alter its level of
expression (Fig. 5).
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Fig.5. Lithium did not block p-catenin degradation after stroke. Western blot analysis of protein levels of -catenin in the
ischemic core and penumbra harvested at 5 and 24 h post-stroke. Representative protein bands are shown in the upper panels, and
the bar graphs representing protein levels are shown in the bottom panels. n=5 per group. *P<0.05 vs. sham.

DISCUSSION

We demonstrated that a bolus of lithium administration
robustly reduced infarct size in a model of distal MCAo
with transient bilateral CCAo. This result suggests that
lithium treatment can reduce brain injury induced by
focal ischemia with partial reperfusion, which is a

common phenomenon in stroke patients. Therefore, our
study provides novel data that supports the potential of
lithium as a treatment for patients who experience stroke
with partial reperfusion. The protective effect of lithium
was further confirmed when lithium treatment was
shown to abolish TUNEL-positive staining in the
ischemic penumbra, but not in the ischemic core.
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However, although the Akt pathway has been shown to
be critical for neuronal survival, lithium did not increase
Akt activity in our study. This suggests that the
neuroprotective effects of lithium following stroke do
not necessarily involve Akt activity.

The Akt pathway is known to support neuronal
survival after stroke [14], implying that Akt activity is
necessary for neuroprotective effects. Previous studies,
including our own, have demonstrated that
ischemia/reperfusion results in transient increases in Akt
phosphorylation at ser473. Most of these studies used the
quantity of p-Akt as a marker for Akt activity. However,
we found increased p-Akt protein levels early after
stroke onset yet decreased Akt activity at the same time
point. The quantity of p-Akt, therefore, does not
represent true Akt activity [17]. We repeated this finding
in hypothermic, ischemic preconditioning and ischemic
postconditioning models [16, 17, 25]. Whether lithium
alters Akt kinase activity has not been previously
reported. In this study we measured Akt activity using an
Akt kinase assay rather than the level of p-Akt. We
found decreased Akt activity after stroke and lithium did
not increase Akt activity. This differs from our previous
studies where all neuroprotectants, hypothermia,
preconditioning, and postconditioning increased Akt
activity independently of p-Akt levels [16, 17, 25]. Our
current study suggests that Akt activity is not always
involved in how certain neuroprotectants exert their
effects.

Lithium may not alter Akt activity because it is not a
direct Akt activator. Rather, it may inhibit neuronal
death by inhibiting GSK3p activity, a protein
downstream of Akt, as reported in previous studies [15].
Although our results showed that lithium had no effect
on p-GSK3p or B-catenin protein levels, we cannot
exclude the possibility that lithium did inhibit GSK3f
activity. Previous studies have shown that lithium
directly inhibits GSK3p activity as a competitive
inhibitor of Mg?*, since GSK-3p catalyzes the
phosphorylation of many protein substrates in the
presence of Mg®*—ATP[15]. Lithium may also indirectly
inhibit GSK3p activity by promoting GSK3p
phosphorylation, however, chronic lithium treatment is
required to promote GSK3p phosphorylation and alter
mRNA levels of B-catenin [15, 26]. A single bolus of
lithium injection in our study may not be able to improve
GSK3p phosphorylation or f-catenin protein levels.

Our current study has some limitations. First,
although we showed that lithium did not alter Akt
activity, disputing the importance of Akt in the
protective effects of lithium against stroke, we do not
know which cell signaling pathways were involved in its
protective effects. Second, one dose of lithium was used
in the current study, and the therapeutic time windows

were not explored. Third, only acute effects of lithium as
early as 48 h after stroke were studied. Other studies
have shown that lithium inhibits caspase-mediated
apoptosis [9], blocks p53 activity [5], promotes Bcl-2
proteins [5], recovers heat shock proteins (HSP) 70 and
90 [11, 27, 28], and attenuates inflammatory factors,
such as c-jun and c-fos [9]. Thus, lithium injection may
reduce infarct size through cell-signaling pathways other
than the Akt pathway. To fully understand the protective
effects and mechanisms of lithium, future experiments
should include a series of experiments with multiple
pharmacological and genetic approaches using in vivo
and in vitro models. In addition, long term protective
effects as well as neurological scores should be
evaluated.

In summary, lithium treatment provided strong
protection against focal cerebral ischemia with partial
reperfusion in a model that mimics a large portion of
human stroke cases. Our data offer novel evidence for
the potential clinical translation of lithium for the
treatment of stroke, and that upregulation of Akt activity.
However, whether lithium truly inhibits GSK3p activity
in this setting requires further study.
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