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Abstract

We have demonstrated that nerve growth factor (NGF) expression in the myocardium is selectively increased during chronic stage
of myocardial infarction, resulting in sympathetic hyperinnervation. Glycogen synthase kinase-3 (GSK-3) signal has been shown to
play key roles in the regulation of cytoskeletal assembly during axon regeneration. We assessed whether lithium, a GSK-3
inhibitor, attenuates cardiac sympathetic reinnervation after myocardial infarction through attenuated NGF expression and Tau
expression. Twenty-four hours after ligation of the anterior descending artery, male Wistar rats were randomized to either LiCl or
SB216763, chemically unrelated inhibitors of GSK-3f, a combination of LiCl and SB216763, or vehicle for four weeks. Myocardial
norepinephrine levels revealed a significant elevation in vehicle-treated rats compared with sham-operated rats, consistent with
excessive sympathetic reinnervation after infarction. Immunohistochemical analysis for sympathetic nerve also confirmed the
change of myocardial norepinephrine. This was paralleled by a significant upregulation of NGF protein and mRNA in the vehicle-
treated rats, which was reduced after administering either LiCl, SB216763, or combination. Arrhythmic scores during programmed
stimulation in the vehicle-treated rats were significantly higher than those treated with GSK-3 inhibitors. Addition of SB216763 did
not have additional beneficial effects compared with those seen in rats treated with LiCl alone. Furthermore, lithium treatment
increased Tau1 and decreased AT8 and AT180 levels. Chronic use of lithium after infarction, resulting in attenuated sympathetic
reinnervation by GSK-3 inhibition, may modify the arrhythmogenic response to programmed electrical stimulation.
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GSK-3B was isolated as a kinase that was able to phosphor-
ylate Tau.” The amino terminus of Tau has been shown to be
associated with the plasma membrane and can affect nerve
growth factor (NGF)-induced neurite outgrowth.® Thus, it is
of great interest to assess whether inhibition of GSK-33 can
modulate sympathetic reinnervation by attenuated Tau-
mediated NGF expression after infarction.

NGF, a member of the neurotrophin family of proteins,
promotes neuronal survival and neurite outgrowth.”
Transmural myocardial infarction (MI) interrupts efferent

Introduction

Glycogen synthase kinase (GSK)-3 is a multifaceted protein
with diverse cellular and neurophysiological functions.
GSK-3B is crucial in the regulation of nerve morphogenesis,'
but the consequence of GSK-3 inhibition appears to be con-
troversial. Owen and Gordon-Weeks® have shown that
GSK-3 inhibition drastically prevents nerve extension.
However, Fukata et al.®> demonstrated that GSK-3f inhib-
ition results in the dephosphorylation of collapsing
response mediator protein 2, which leads to enhanced

microtubule polymerization and axon growth. To reconcile
the controversy, it has been suggested that the final outcome
of GSK-3 inhibition might be determined by the extent of
GSK-3 inhibition and the downstream substrates involved.*
Tau was reported to be a downstream target of GSK-3p.
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sympathetic nerves and denervates viable muscle distal to
MI. Levels of NGF expression within innervated tissues
roughly correspond to innervation density.” During sympa-
thetic reinnervation, an important step in forming the
neural circuitry is directed axon extension to reach their
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synaptic targets. The cellular machinery at the nerve growth
cone controls the assembly of cytoskeletal proteins and
membrane components into new axons. The treatment of
anti-NGF by administering antisera, target ablation, or gene
disruption has been shown to prevent nerve sprouting.® We
have demonstrated that NGF mRNA and protein levels in
the myocardium at the border zone are increased in the
infarcted rats during chronic stages of ML’ Increased sym-
pathetic nerve activity plays an important role in generation
of ventricular arrhythmia and sudden cardiac death."

The effect of chronic lithium administration on nerve
regeneration remained controversial. Chronic treatment
with lithium increased the expression of NGF in the rat
brain.! However, lithium antagonizes NGF-induced
reorganization of microfilament in PC12 cells,’? as well as
NGF-induced neurite outgrowth and phosphorylation of
NGF-modulated microtubule-associated proteins.”> The
inhibitory effect of lithium on cytoskeletal rearrangement
associated with cell spreading and migration is mediated by
GSK-3-dependent phosphorylation."* Lithium treatment
had a strong tendency towards a reduced nerve fiber
area.'® Furthermore, previous studies have shown that lith-
ium inhibited the activity of activator protein-1."® Deletion
of the activator protein-1 element of NGF promoter mark-
edly decreased NGF expression.'” Even though the role of
lithium has previously been examined in several in vitro
models, there are no chronic in vivo effects using the
orally available GSK-3 inhibitor lithium on neurite branch-
ing after inducing MI over several weeks. The study aimed
(1) to assess whether chronic administration of lithium
chloride (LiCl) within therapeutically relevant concentra-
tions can result in attenuated heart reinnervation through
inhibition of NGEF, (2) to evaluate the role of GSK-3f and Tau
phosphorylation in sympathetic innervation, and (3) to test
the functional significance of attenuated heart reinnervation
by ventricular pacing in a rat MI model.

Methods

The animal experiment was approved and conducted in
accordance with the local ethical review committee on
animal care of the China Medical University (IACUC,
Permit Number: 102-63-N) and conformed with the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

Animals

Male Wistar rats (300-350 g) were subjected to ligation of
the anterior descending artery as described previously,’
resulting in infarction of the left ventricular (LV) free wall.
In brief, to create the model, rats were anesthetized with
ketamine-xylazine (90 mg/kg and 9mg/kg, respectively,
intraperitoneally). After adequate anesthesia, they were
intubated with a 14-gauge polyethylene catheter and venti-
lated with room air using a small animal ventilator (model
683, Harvard Apparatus, Boston, MA). The heart was
exposed via a left-sided thoracotomy, and the anterior des-
cending artery was ligated using a 5-0 silk between the pul-
monary outflow tract and the left atrium. Rats were

randomly assigned so as to have approximately the same
number of survivors in each group: (1) vehicle group (0.9%
NaCl containing 20% dimethylsulfoxide); (2) LiCI (1 mmuol/
kg per day, a nonselective inhibitor of GSK-3a/ B, oral); (3)
SB216763 (0.6 mg/kg every other day, 3-(2,4-dichlorophe-
nyl)-4-(1-methyl-1H-indol-3-yl)-1Hpyrrole-2,5-dione, a
selective ATP competitive GSK-30,/ B antagonist, intraperi-
toneal injection daily in dimethylsulfoxide; Sigma, St.
Louis, MO); and (4) LiCl+SB216763. The lithium dose of
1 mmol/kg per day has been shown to have plasma lithium
concentrations of 0.47-0.65 mmol/L in rats, a lower thera-
peutic range.'® The dose of SB216763 was chosen as previ-
ous studies.'” SB216763 inhibits only GSK-3p by 96% at
10 umol/L.* The drugs were started 24 h after MI, during
which drugs can maximize benefits at this timing window>'
and minimize the possibility of a direct effect on infarct size.
For chronic lithium treatment, rats were given ad libitum
water and saline to prevent hyponatremia caused by
lithium-induced increased excretion of sodium. The study
duration was designed to be four weeks because the major-
ity of the myocardial remodelin§ process in the rat (70-80%)
is complete within three weeks.”> Sham operation served as
controls. In each-treated group, drugs were withdrawn
about 24 h before the end of the experiments in order to
eliminate their pharmacological actions.

Hemodynamics and infarct size measurements

Hemodynamic parameters were measured in anesthetized
rats with ketamine-xylazine (90 mg/kg, 9mg/kg, respect-
ively) intraperitoneally at the end of the study. A polyethyl-
ene Millar catheter was inserted into the LV and connected
to a transducer (Model SPR-407, Miller Instruments,
Houston, TX) to measure LV systolic and diastolic pressure
as the mean of measurements of five consecutive pressure
cycles as previously described.” The maximal rate of LV
pressure rise (+dP/dt) and decrease (—dP/dt) was mea-
sured. After the arterial pressure measurement, the electro-
physiological tests were performed. At completion of the
electrophysiological tests, the atria and the right ventricle
were trimmed off, and the LV was rinsed in cold physio-
logical saline, weighed, and immediately frozen in liquid
nitrogen after obtaining a coronal section of the LV for
infarct size estimation. A section, taken from the equator
of the LV, was fixed in 10% formalin and embedded in par-
affin for determination of infarct size. Each section was
stained with hematoxylin and eosin, and trichrome. The
infarct size was determined as previously described.”
With respect to clinical importance, only rats with large
infarction (>30%) were selected for analysis.

In vitro electrophysiological studies

To assess the potential arrhythmogenic risk of sympathetic
innervation, we performed programmed electrical stimula-
tion. To avoid the confounding effect of hormonal activation
after MI on pacing-induced ventricular arrhythmias, we
used the Langendorff heart as previously described.”
Because the residual neural integrity at the infarct site is
one of the determinants of the response to electrical induc-
tion of ventricular arrhythmias,** only rats with transmural



scar were included. Each heart was perfused with modified
Tyrode solution (117.0mmol/L NaCl, 23.0mmol/L
NaHCO;, 4.6mmol/L KCI, 0.8mmol/L NaH,PO,,
1.0 mmol/L MgCl,, 2.0 mmol/L CaCl, and 5.5 mmol/L glu-
cose) equilibrated at 37°C and oxygenated with a 95% O,/
5% CO, gas mixture. The perfusion medium was main-
tained at a constant temperature of 37°C with a constant
flow at 4 mL/min as described previously.* Atrial and ven-
tricular epicardial ECGs were continuously recorded. After
the perfusion of the isolated hearts was completed, hearts
were observed for 10 min to allow stabilization of contrac-
tion and rhythm. Pacing pulses were generated from a
Bloom stimulator (Fischer Imaging Corporation, Denver,
CO). To induce ventricular arrhythmias, pacing was per-
formed at a cycle length of 120ms (S,) for eight beats, fol-
lowed by one to three extrastimuli (S,, S3, and Sy) at shorter
coupling intervals. The endpoint of ventricular pacing was
induction of ventricular tachyarrhythmia. Ventricular
tachyarrhythmias including ventricular tachycardia and
ventricular fibrillation were considered nonsustained
when it lasted <15 beats and sustained when it lasted >15
beats. An arrhythmia scoring system was modified as pre-
viously described.”> When multiple forms of arrhythmias
occurred in one heart, the highest score was used. The
experimental protocols were typically completed within
10 min.

Real-time RT-PCR of NGF

Real-time quantitative reverse transcription-polymerase
chain reaction (RT-PCR) was performed for samples
obtained from the remote zone (>2mm outside the infarct)
as previously described.” For NGF, the primers were 5'-
TCCACCCACCCAGTCTTCCA-3' (sense) and 5-GCC
TTCCTGCTGAGCACACA-3' (antisense). For cyclophilin,
the primers were 5-ATGGTCAACCCCACCTGTTCTITCG-
3 and 5-CGTGTGAAGTCACCACCCTGACACA-3'.
Cyclophilin mRNA was chosen as the internal standard
because it is expressed at a relatively constant level in vir-
tually all tissues. For quantification of NGF expression, real-
time polymerase chain reaction (PCR) was performed with
ABI PRISM 7700 sequence detection system (Applied
Biosystems, Foster City, CA). Thermocycling conditions
were as follows: 95°C for 10min, 40 cycles of 95°C for
15s, 55°C for 30s, 72°C for 30s, and a final extension of
72°C for 7min. For each cDNA sample, the Ct value of
the reference gene cyclophilin was subtracted from the Ct
value of the sample to obtain the ACt. Relative expression
levels were calculated. Experiments were repeated three
times.

Western blot analysis of p-GSK-3p, total GSK-3p, Tau1,
AT8, AT180, Tau5, NGF, and p-actin

The myocardium from the remote zone was homogenized
in three volumes of Tris-buffered saline containing protease
and phosphatase inhibitors (25 mmol/L Tris-HCIl, pH 7.4,
150 mmol/L NaCl, Tmmol/L EDTA, 1Tmmol/L EGTA,
5mmol/L sodium pyrophosphate, 30 mmol/L B-glycero-
phosphate, 30 mmol/L sodium fluoride, 1 mmol/L phenyl-
methylsulfonyl  fluoride). The homogenates were
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centrifuged and the protein concentration was determined
with the bicinchoninic acid (BCA) protein assay reagent kit
(Pierce). Twenty micrograms of protein were separated by
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and electrotransferred onto a nitrocel-
lulose membrane. After incubation with antibodies, the
nitrocellulose membrane was then rinsed with a blocking
solution and incubated for 2h at room temperature.
Antigen-antibody = complexes were detected with
5-bromo-4-chloro-3-indolyl-phosphate and nitroblue tetra-
zolium chloride (Sigma). Films were volume-integrated
within the linear range of the exposure using a scanning
densitometer. Experiments were replicated three times
and results were expressed as the mean value.

The following primary antibodies were used in this
study: anti-p-GSK-3p (Ser9, Cell Signaling Technology),
anti-total GSK-3f (BD Biosciences), anti-Taul (1:1000,
Chemicon, CA), anti-AT8 (1:2000, Innogenetics, Belgium),
anti-AT180 (1:500, Thermo Scientific), anti-Tau5 (1:2000,
Calbiochem), anti-NGF (1:1000, Chemicon), and anti-
B-actin (1:2000, Sigma-Aldrich). Phosphorylation-sensitive
antibodies used include Taul (dephosphorylated residues
189-207, non-phosphorylation-dependent), AT8 (phos-
phorylated serine 202 and threonine 205, phosphoryla-
tion-dependent), and AT180 (phosphorylated threonine
231). We selected immunoblots for Taul and AT8 because
previous studies have shown the great changes with these
antibodies after administering neurotrophic factor.”®
Phosphorylation at Thr-231 is important for the ability of
Tau to enhance mitogen-activated protein kinase-induced
NGF response.27 Besides, serine 202, threonine 205 and
threonine 231 can be phosphorylated by GSK-3.%
To verify that Tau phosphorylation, and not synthesis,
was affected by lithium, blots were analyzed with Tau5, a
phosphorylation-independent antibody that recognizes
total Tau.

Immunofluorescent studies of tyrosine hydroxylase,
growth-associated factor 43, and neurofilament

In order to investigate the spatial distribution and quantifi-
cation of sympathetic nerve fibers, analysis of immuno-
fluorescent staining was performed on LV muscle from
the remote zone. Papillary muscles were excluded from
the study because a variable sympathetic innervation has
been reported.”” Paraffin-embedded tissues were sectioned
at a thickness of 5 um. Tissues were incubated with anti-
tyrosine hydroxylase (1:200; Chemicon), anti-growth asso-
ciated protein 43 (a marker of nerve sprouting, 1:400;
Chemicon), and anti-neurofilament antibodies (a marker
of sympathetic nerves, 1:1000; Chemicon) in 0.5% bovine
serum albumin (BSA) in PBS overnight at 37°C. The
second antibody was monoclonal goat anti-mouse IgG con-
jugated to fluorescein isothiocyanate for tyrosine hydroxy-
lase and rhodamine for growth-associated protein 43 and
neurofilament. Isotype-identical directly conjugated antibo-
dies served as a negative control.

The slides were coded so that the investigator was
blinded to the identification of the rat sections. The nerve
density was measured on the tracings by computerized
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planimetry (Image Pro Plus, Media Cybernetics, Silver
Spring, MD) as described previously.® The density of
nerve fibers was qualitatively estimated from 10 randomly
selected fields at a magnification of 400 x and expressed as
the ratio of labeled nerve fiber area to total area.

Morphology and morphometry of cardiac fibrosis

Aniline blue and picrosirius staining, a collagen-specific
stain (Sirius Red F3BA; Pfaltz & Bauer, Stamford, CT),
were used to stain 5-pm thick, paraffin-embedded sections
at the remote area. The interstitial collagen fraction was
determined by quantitative morphometry of the picrosir-
ius-stained sections with an automated image analyzer
(Image Pro Plus, CA). These parameters were assessed in
a blinded fashion by at least two investigators. The densities
of labeled areas were qualitatively estimated from 10 ran-
domly selected fields at a magnification of 400x. The value
was expressed as the ratio of the labeled area to total area.

Laboratory measurements

Although cardiac innervation was detected by immuno-
fluorescent staining of tyrosine hydroxylase, growth-asso-
ciated factor 43, and neurofilament, it did not imply that the
nerves are functional. Thus, to examine the sympathetic
nerve function, we measured LV norepinephrine levels
from the remote zone. Total norepinephrine was measured
using a commercial ELISA kit (Noradrenalin ELISA, IBL
Immuno-Biological Laboratories Co., Hamburg, Germany).

Blood samples were collected from rats at the end of the
study from the ascending aorta and serum was separated
by centrifugation for the estimation of lithium levels using
an Evans electroselenium (EEL)-flame photometer.

Statistical analysis

Results were presented as mean+SD. Statistical analysis
was performed using the SPSS statistical package (SPSS,
version 11.0, Chicago, IL). Differences among the groups
of rats were tested by a one-way analysis of variance
(ANOVA). Subsequent analysis for significant differences
between the two groups was performed with a multiple
comparison test (Scheffe’s method). Electrophysiological
data (scoring of programmed electrical stimulation-induced
arrhythmias) were compared by a Kruskal-Wallis test fol-
lowed by a Mann-Whitney test. The significant level was
assumed at value of P <0.05.

Results

Differences in mortality among the infarcted groups were
not found throughout the study. Relative heart weights cor-
rected for body weight at the end of the experimental
period (12 weeks of age) are presented in Table 1.
Consistent with a previous study,® the gain in body
weight in lithium-treated rats was less than that in the vehi-
cle- and SB216763-treated rats despite there being no differ-
ence in weight at the start of the study. Four weeks after
infarction, the infarcted area of the LV was very thin and
was totally replaced by fully differentiated scar tissue. The
weight of the LV inclusive of the septum remained essen-
tially constant four weeks among the infarcted groups. The
lung weight/body weight ratio, an index of lung edema,
was significantly lower in the LiCl-, SB216763-, and
LiCl 4 SB216763-treated infarcted groups compared with
that in the vehicle-treated infarcted group. The values
of +dp/dt and —dp/dt were significantly higher in the
LiCl-, SB216763-, and LiCl-+SB216763-treated infarcted
groups compared with those in the vehicle-treated infarcted
group. LV end-systolic pressure, LV end-diastolic pressure,
and infarct size did not differ among the infarcted groups.

Table 1 Cardiac morphology, hemodynamics, lithium concentration, and NE concentrations at the end of study

Sham Infarction treated with
Parameters Vehicle Vehicle LiCl SB216763 LiCl/SB216763
No. of rats 10 11 12 10 10
Body weight, g 412+£10 404+10 325+ 13*F 410 +£17 330+ 15"t
Heart rate, bpm 409+13 421+14 414+13 417 +18 400+ 16
LVESP, mmHg 105+5 99+8 95+6 98+ 6 97+9
LVEDP, mmHg 443 18 +5* 15+5* 14 +£5* 15+6*
+dp/dt, mm Hg/s 7892 +278 2235 +263* 2989 +231* 3091 +295* 3005 + 283
—dp/dt, mm Hg/s 7082 £244 2172 £227*% 2844 +204* 2918 +265* 2907 +302¢
Infarct size, % - 4142 4142 4243 4142
LVW/tibia, mg/cm 234+19 328 +43* 318 +32* 305 +42* 294 +31*
RVW/tibia, mg/cm 59 +11 99 +13* 98 +13* 894+19* 97 +17*
LungW/tibia, mg/cm 378+38 593 +53*1 445+ 45 459 +£47 484 +39
Li, mmol/L - - 0.49+0.15 - 0.51+0.14
NE, ng/g protein 1.06 £0.15 2.23+0.38*% 1.65+0.27* 1.56 £0.24* 1.39+0.25

BW: body weight; LungW: lung weight; LVEDP: left ventricular end-diastolic pressure; LVESP: left ventricular end-systolic pressure; LVW: left ventricular weight;

NE: norepinephrine; RVW: right ventricular weight. Values are mean + SD.
*P < 0.05 compared with sham.
P < 0.05 compared with infarcted groups treated with vehicle and SB216763.

P < 0.05 compared with infarcted groups treated with LiCl, SB216763, and LiCl + SB216763.



Myocardial norepinephrine levels

To investigate the cardiac sympathetic function, we deter-
mined the LV norepinephrine levels. Either LiCl or
S5B216763 administration did not affect the basal tissue nor-
epinephrine concentrations in the sham-operated group
(data not shown). LV norepinephrine levels were signifi-
cantly upregulated 2.11-fold at the remote zone in the vehi-
cle-treated rats than in sham-operated rats (2.23 +0.38 vs.
1.06 £0.15 ug/ g protein, P < 0.001, Table 1). Compared with
vehicle-treated rats in LiCl- or SB216763-treated rats, LV
norepinephrine levels were significantly lower at the
remote regions. The additional attenuated effect of
SB216763 on LV norepinephrine levels was not observed
compared with LiCl alone.

Immunofluorescent analyses

The tyrosine hydroxylase-immunostained nerve fibers
appeared to be oriented in the longitudinal axis of adjacent
myofibers (Figure 1). Tyrosine hydroxylase-positive nerve
density was significantly increased in the vehicle-treated
infarcted rats than that in sham. Either LiCl- or SB216763-
treated rats showed significantly lower nerve density at the
remote regions than vehicle-treated rats (0.2140.11% in
LiCl, 0.23£0.10% in SB216763 vs. 0.39 £0.15% in vehicle,
both P < 0.001, respectively). Similar to tyrosine hydroxylase
results, densities of growth-associated protein 43- (Figure 1)
and neurofilament-positive (data not shown) nerves were
significantly attenuated in the LiCl- or SB216763-treated
infarcted rats compared with those in vehicle-treated
infarcted groups. The combination of LiCl and SB216763
did not further attenuate nerve density compared with
either the LiCl- or SB216763-treated group. These morpho-
metric results mirrored those of norepinephrine contents.

Myocardial fibrosis

Fibrosis of the LV from the remote area was examined in tis-
sue sections after Sirius red staining, as shown in Figure 2.
Compared with vehicle-treated infarcted rats, lithium
administration showed significant attenuated fibrosis. The
combination of LiCl and SB216763 did not further attenuate
fibrosis compared with either the LiCl- or SB216763-treated

group.

NGF protein and mRNA expression

Western blot shows that NGF levels were significantly upre-
gulated 5.4-fold at the remote zone in the vehicle-treated
infarcted rats than in sham-operated rats (P <0.001,
Figure 3). When compared with vehicle-treated infarcted
rats, LiCl- or SB216763-treated infarcted rats had signifi-
cantly lower NGF levels at the remote zone. The addition
of 5B216763 did not show further attenuated levels of NGF
compared with LiCl alone.

PCR amplification of the cDNA revealed that the NGF
mRNA levels showed a 3.3-fold upregulation at the remote
zone in the vehicle-treated infarcted rats compared with
sham-operated rats (P<0.001, Figure 4). In LiCl- or
SB216763-treated infarcted rats, the NGF mRNA levels
were significantly decreased compared with those in the
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vehicle-treated infarcted rats. The combination of LiCl
and SB216763 showed similar NGF expression compared
with either the LiCl- or SB216763-treated group.

LiCl and SB216763 reduce Tau phosphorylation

The immunoreactivities of phosphorylated and nonpho-
sphorylated Tau were quantitated and normalized to the
levels of Tau5 (total Tau), as shown in Figure 5. The ratio
of anti-Taul, which recognizes specifically dephosphory-
lated Tau, to anti-Tau5 increases after administering LiCl
In contrast, lithium treatment decreased AT8 and AT180.
Similar results were obtained with SB216763, another struc-
turally unrelated inhibitor of lithium. Furthermore, the add-
itional effect of SB216763 on Taul, AT8, and AT180 levels
was not observed compared with LiCl alone. These results
demonstrate that lithium and SB216763 affect the same sites
of phosphorylation in Tau. Thus it is likely that lithium
exerts its effects on Tau phosphorylation through the inhib-
ition of GSK-3p.

Electrophysiological stimulation

To further elucidate the physiological effect of attenuated
sympathetic hyperinnervation, ventricular pacing was per-
formed. Arrhythmia score in sham-operated rats was very
low (0.2+£0.3) (Figure 6). In contrast, ventricular tachyar-
rhythmias consisting of ventricular tachycardia and ven-
tricular fibrillation were inducible by programmed
stimulation in vehicle-treated infarcted rats. Either lithium
or SB216763 treatment significantly decreased the inducibil-
ity of ventricular tachyarrhythmias compared with vehicle.
There were similar arrhythmia scores among the LiCl-,
SB216763-, and the combination of LiCl and SB216763-trea-
ted infarcted rats.

Discussion

Our present study is the first one to investigate the effect of
GSK-3 inhibitors on attenuated sympathetic reinnervation
after infarction. GSK-3f signaling can regulate sympathetic
innervation through Tau proteins and NGF gene expres-
sion. Furthermore, the combination of LiCl and SB216763
did not afford further protection than that afforded by each
agent alone. These results support the notion that antiar-
rhythmic effects of LiCl is mostly, if not all, mediated by
GSK-3p inhibition. These results are consistent with the
beneficial effects of GSK-3f inhibitors, as documented
structurally by a reduction in cardiac nerve sprouting,
molecularly by myocardial NGF and Tau proteins, bio-
chemically by myocardial norepinephrine, and functionally
by improvement of ventricular remodeling and fatal ven-
tricular tachyarrhythmias. Our results were consistent with
previous studies, showing that lithium treatment resulted
in a decrease in AT8 immunoreactivity in neuronal NT2N
cells®® and non-neuronal COST1 cells transiently transfected
with GSK-3 and Tau.®! GSK-3f inhibitors can attenuate
sympathetic innervation via increased Taul and decreased
ATS8 and AT180 after infarction. Thus, as reported previ-
ously,** GSK-3 knockin mice showed increased sympathetic
activity.
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Figure 1 Immunofluorescent staining for tyrosine hydroxylase and growth-associated protein 43 from the remote regions (magnification 400x). Upper, tyrosine
hydroxylase. Tyrosine hydroxylase-positive nerve fibers are located between myofibrils and are oriented longitudinal direction as that of the myofibrils. Lower, growth-
associated protein 43. a, sham (n =10); b, infarction treated with vehicle (n=11); c, infarction treated with LiCl (n = 12); d, infarction treated with SB216763 (n =10);
e, infarction treated with LiCl + SB216763 (n = 10). Bar = 50 um. Each column and bar represents mean + SD. *P < 0.05 compared with sham and LiCl-, SB216763-, and
LiCl + SB216763-treated infarcted groups; "P < 0.05 compared with sham. (A color version of this figure is available in the online journal)

The beneficial effect of lithium on sympathetic reinner- 1) Lithium and SB216763 have similar morphological
vation was demonstrated by increased GSK-3p phosphor-  and biochemical effects on sympathetic innervation in post-
ylation and attenuated Tau phosphorylation. Our infarcted hearts. In the experiments described here, we have
conclusions are supported by three lines of evidence. compared the effects of lithium and SB216763, two
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Figure 1

inhibitors of GSK-3 with distinct mechanisms of action. The
efficacy of lithium- and SB216763-induced GSK-3f inhib-
ition was verified by increased phosphorylated GSK-3f
levels. Either lithium or SB216763 administration has been
shown to be associated with attenuated sympathetic rein-
nervation after infarction with similar potency.
Furthermore, addition of SB216763 attenuated sympathetic
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Continued. (A color version of this figure is available in the online journal)

reinnervation and did not have additional beneficial effects
compared with rats treated with either LiCl or SB216763
alone, confirming the critical role of GSK-3f in sympathetic
reinnervation. Thus, this finding suggests that the morpho-
logical effects of lithium on sympathetic innervation are
due to inhibition of GSK-3. The results were consistent
with the findings of Kim et al.,*® showing that GSK-3 has



986 Experimental Biology and Medicine Volume 240 July 2015

L
[+
1

o

o~
—+

—t

Collagen area fraction (%)

‘;?
———
_—
=

Figure 2 Representative sections from the remote area with Sirius Red staining (red, magnification 400x) at four weeks after infarction. The line length corresponds
to 50 um. a, sham (n=10); b, infarction treated with vehicle (n=11); c, infarction treated with LiCl (n =12); d, infarction treated with SB216763 (n = 10); e, infarction
treated with LiCl+ SB216763 (n =10). Bar =50 um. Each column and bar represents mean + SD. *P < 0.05 compared with sham and LiCl—, SB216763—, and LiCl+
SB216763-treated infarcted groups; P < 0.05 compared with sham. (A color version of this figure is available in the online journal.)
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Figure 3 Western blot analysis of NGF (MW: 13 kDa) in homogenates of the LV from the remote zone. When compared with vehicle-treated infarcted rats, LiCl-,
SB216763-, and LiCl + SB216763-treated infarcted rats had significantly lower NGF levels by quantitative analysis. Relative abundance was obtained by normalizing
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Figure 4 Left ventricular NGF mRNA levels. Each mRNA was corrected for an mRNA level of cyclophilin. Each column and bar represents mean + SD. *P < 0.05
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Figure 5 GSK-3f inhibition is an important regulator of Tau phosphorylation. Western blot analysis in homogenates of the LV from the remote zone. When compared
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been shown to be a key signaling molecule that controls
axonal assembly at the growth cone via regulation of mul-
tiple microtubule-binding proteins. Besides, chronic inhib-
ition of GSK-3 by lithium has been postulated to induce
neurological toxicity by exacerbating neuronal apoptosis
in mice at a serum lithium level of above 1.0 mmol/ L**a
dose much higher than that used in this study. Given that
progressive toxicity to marked neurological impairment
correlates with increasing serum lithium levels,” the sup-
pression of sympathetic innervation by either lithium or
5B216763 in this study was not due to toxic effects because
we used the same dose of lithium and SB216763 as previous
studies which did not produce toxic effect and was not det-
rimental to nerve.'

2) Our data indicate GSK-3-induced Tau phosphoryl-
ation is associated with sympathetic reinnervation. GSK-3
is emerging as a major regulatory molecule in the growth
cone for controlling local axon assembly. Axon extension is
the continuous addition microtubules at the nerve growth
cone. Many of these microtubule proteins such as Tau are
validated GSK-3 substrates. Tau has been shown to play a
role in neurite length and neurite initiation.”” Tau phos-
phorylation influences the positioning of Tau in dendrites,
and the association of Tau with plasma membranes and
nuclei. Previous studies have shown that phosphorylation
of Tau at Thr-231 is required to potentiate activation of acti-
vator protein-1 transcription factors, an element of NGF
promoter, through the mitogen-activated protein kinase
pathway.”’ Because GSK-3p is typically inactivated in
response to NGF signaling,® the phosphorylation of Tau
at Thr-231 leads to a positive feedback mechanism that
would enhance signaling. Thus, in addition to the attenu-
ated dephosphorylated Tau-induced NGF levels, NGF can
influence Tau phosphorylation through GSK-3p inhibition.

Two proline-directed kinases, GSK-3 and cyclin-depen-
dent kinase-5, are thought to be key factors in abnormal Tau
phosphorylation.?”® Because LiCl is active for the two kin-
ases and is not completely specific for GSK-3, a second
GSK-3 inhibitor, SB216763, was also tested. Treatment

correlated with reduced phosphorylation of Tau at sites
known to be phosphorylated by GSK-3f, suggesting that
the inhibitors can reduce Tau phosphorylation either dir-
ectly or indirectly in postinfarcted rats. Genetic evidence
also supports a central role for Tau in maintaining micro-
tubule populations in growing axons. Neurons cultured
from the Tau knockout™ show reduced axonal degener-
ation similarly after GSK-3 inhibition. Furthermore, given
the similar amount of total Tau assessed by Tau5 after
administering GSK-3f inhibitors, the increased depho-
sphorylated Tau levels were not affected by increased
degradation.

3) The severity of pacing-induced fatal arrhythmias was
associated with the degree of sympathetic reinnervation.
This model has the advantage of isolated preparations,
with the absence of influence from circulating hormones
and hemodynamic reflexes. The finding was further sup-
ported by Cao et al.,'* showing that increased postinjury
sympathetic nerve density may be responsible for the
occurrence of ventricular arrhythmia and sudden cardiac
death in animals and patients.

Previous studies

Previous studies have suggested that lithium may be
involved in the process of neurite growth; however, the
results were not always concordant. Recently, Wang
et al.* have reported the effects of lithium on neurite
branching using N2a cells. Interestingly, contrary to our
finding, they found that expression of lithium increased
neurite branching. The basis for this apparent contradiction
remains unclear. The effects of lithium on NGF-induced
neurite branching were stimulating and inhibiting, depend-
ing on the types of cells or neurites.*’ Different cells may
vary in their dependence on the function of various GSK-3f3
substrates, such as glycogen synthase, elF2B, Tau, and
[5—catenin.41 Even in the same neurons, the same neurotro-
phin accelerates or slows growth cones depending on add-
itional conditions.**> Furthermore, GSK-3 activity must be
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tightly regulated to maintain nerve integrity. A certain level
of GSK-3 activity is essential for a neurite to extend as an
axon, and consequently the formation of the axon initial
segment.* In contrast, too low or high levels of GSK-3 activ-
ity may attenuate axonal elongation.** It is not surprising to
know that marked inhibition of GSK-3 activity by adminis-
tering GSK-3 inhibitors attenuated axonal elongation.

Similarly to the complex effect of lithium on neurite
growth, there were controversies regarding the effect of lith-
ium on cardiac fibrosis. We showed that there was signifi-
cantly attenuated cardiac fibrosis in infarcted groups
treated with LiCl, SB216763, and the combination of LiCl
and SB216763 compared with vehicle. This result contrasted
with the findings of Lal et al.,** showing an increase in the
fibrotic response in cardiac fibroblast-conditioned GSK-3f
knockout mice after MI. This discrepancy can be explained
at least in part, by different affected cells, different levels of
GSK-3 inhibition, and different GSK-3 isoforms.
Conditional deletion of GSK-3p, specifically in cardiomyo-
cytes, has been shown to have no effect on cardiac fibrosis
after MI*® Besides, lithium, a nonselective GSK-3 inhibitor,
inhibits both isoforms of GSK-3. Upregulation of GSK-3a in
cardiac-specific GSK-3a transgenic mice increases cardiac
fibrosis pressure overload-induced cardiac hypertrophy.*”
It is not surprising to know that marked inhibition of GSK-
3a activity by administering lithium attenuated fibrosis.
Indeed, our results were consistent with the findings of
Takeda et al.*®* showing that deletion of Kruppel-like
factor 5 leading to GSK-3 inhibition was protective with
less fibrosis in a model of thoracic aortic constriction.

Clinical implications

GSK-3 inhibitors are currently being investigated as poten-
tial therapeutics for a variety of chronic diseases such as
diabetes and neurodegenerative disorders. Given that
there is a high incidence of coronary artery disease in
patients with stroke, many important issues require clarifi-
cation before lithium can be considered to be used as an
adjunctive treatment after stroke. Great care should be
taken when using lithium in patients with an enhanced car-
diovascular risk profile. The new effect of lithium revealed
by the present study may indicate a pivotal role for lithium
in inhibiting arrhythmia by attenuated sympathetic hyper-
innervation. Clinical practice guidelines have long recom-
mended lithium as a first-line long-term treatment for
bipolar disorder but its use has decreased, partly because
of safety concerns. Evidence confirming its efficacy has led
to suggestions that lithium should be more widely used.
The present study explored the possibility that lithium
might have clinical efficacy for the treatment after MIL
However, several conditions may limit its clinical applica-
tion. First, the clinical effects of lithium require chronic
administration, with a lag period for onset of action of sev-
eral days to weeks. With a few exceptions, however, most of
the in vitro studies of their action only examined the short-
term effect of these drugs. Second, the accepted plasma
therapeutic ranges of lithium were between 0.6 and
1.2mmol/L.* Lithium levels within the therapeutic
ranges cause (at physiological levels of Mg?") only an

approximately 25% inhibition of total GSK-3 activity (i.e.
approximately equal to deletion of 1 allele of GSK-3f).*’
Given the inhibitory effect of all GSK-3 inhibitors on axon
elongation is dose-dependent,*” the effects produced by
subpharmacological dose of lithium in this study cannot
necessarily be extrapolated to clinical conditions.

Study limitations

The limitation of the current study is that all studies were
obtained by pharmacological inhibition. A potential prob-
lem with the present study is the use of lithium as an antag-
onist of GSK-3p when there are many potential nonspecific
targets of lithium.”” For example, lithium appears to inhibit
mitogen-activated protein kinase-extracellular-signal-regu-
lated kinase (MEK-ERK) signaling, a pathway regulating
neuronal function, synaptic plasticity, and survival.>!
Furthermore, others kinases except GSK-3 can also phos-
phorylate serine/threonine-directed Tau kinases such as
protein kinase A, casein kinase 1, and cyclin-dependent
kinase-5.> A number of small molecule inhibitors of GSK-
3 have now been synthesized and these provide an inde-
pendent means to examine GSK-3 function.” SB216763 can
only inhibit GSK-3 and failed to alter MEK-ERK phosphor-
ylation and other kinases. Our results showed similar
effects of lithium and SB216763 on sympathetic innervation.
This illustrates that lithium and SB216763 in sympathetic
innervation may be mediated by a common mechanism,
GSK-3 inhibition.

SB216763 as a selective ATP competitive antagonist of
GSK-3f also has off-target effects. Such ATP competitive
inhibitors demonstrate limited specificity, as the ATP-bind-
ing pocket is highly conserved among protein kinases.
Inhibition of GSK-3 by SB216763 has been described to
reduce the inflammatory response upon the activation of
Toll like-receptor 2 (TLR2) signaling.”* Interestingly, inhib-
ition of TLR2 signaling contributes to reduced NGF recep-
tor expression.”” Thus, given the inhibitory effects of
SB216763 on TLR2 signaling, the effects of SB216763 on
TLR2 may play a role in attenuated NGF effects.
However, lithium, another inhibitor of GSK-3 not closely
related structurally to SB216763 that has been reported to
alter TLR2 signaling only at high concentration of more
than 5mmol/ L% far higher than those in this study, atte-
nuated NGF expression to a similar degree to SB216763. It is
GSK-3 that might play a crucial role in NGF expression. It
will be important to test this hypothesis further in future
studies, in particular the identification and characterization
of drug-resistant GSK-3 mutants will provide a powerful
approach in dissecting the role of GSK-3p in sympathetic
innervation. In addition, analysing the effects these inhibi-
tors have on GSK-38 null cells will help delineate off-target
effects.

Most studies of the function of GSK-3 in neuronal
morphology and physiology have focused on the more
abundant GSK-3p, although some studies have highlighted
a role for GSK-30 in axon formation.*> Thus, we cannot
exclude the possibility that axon formation might depend
on both isoforms; particularly since the GSK-3 inhibitors
used are unable to differentiate between the two of them.



Conclusions

These data show excessive myocardial reinnervation after
infarction, which is modulated by GSK-3f inhibition.
Lithium administration after infarction can reduce the
inducibility of ventricular arrhythmias as a result of attenu-
ated sympathetic reinnervation probably through a GSK-3f
inhibition-dependent mechanism. This may be a new bene-
ficial role of lithium in decreasing cardiovascular mortality.
Therefore, lithium is a candidate for use in clinical trials of
new therapies for MI victims.
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