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ABSTRACT

Glycogen synthase kinase-3 (GSK3) is a constitutively active
protein kinase that is involved in neuronal regulation and is a
potential pharmacological target of neurological disorders. We
found previously that GSK3p selectively interacts with 5-hy-
droxytryptamine-1B receptors (5-HT1BR) that have important
functions in serotonin neurotransmission and behavior. In this
study, we provide new information supporting the importance
of GSK3p in 5-HT1BR-regulated signaling, physiological func-
tion, and behaviors. Using molecular, biochemical, pharmaco-
logical, and behavioral approaches, we tested 5-HT1BR’s in-
teraction with G,a, and B-arrestin2 and 5-HT1BR-regulated
signaling in cells, serotonin release in mouse cerebral cortical
slices, and behaviors in wild-type and B-arrestin2 knockout
mice. Molecular ablation of GSK3B and GSK3 inhibitors abol-
ished serotonin-induced change of 5-HT1BR coupling to Ga,
and associated signaling but had no effect on serotonin-in-
duced recruitment of B-arrestin2 to 5-HT1BR. This effect is

specific for 5-HT1BR because GSK3 inhibitors did not change
the interaction between serotonin 1A receptors and G,a,. Two
GSKS3 inhibitors, N-(4-methoxybenzyl)-N’-(5-nitro-1,3-thiazol-
2-yl)urea (AR-A014418) and 3-(5-bromo-1-methyl-1H-indol-3-
yl)-4-(benzofuran-3-yl)pyrrole-2,5-dione (BIP-135), efficiently
abolished the inhibitory effect of the 5-HT1BR agonist anpirto-
line on serotonin release in mouse cerebral cortical slices.
GSKS inhibitors also facilitated the 5-HT1BR agonist anpirto-
line-induced behavioral effect in the tail suspension test but
spared anpirtoline-induced locomotor activity. These results
suggest that GSK3g is a functional selective modulator of
5-HT1BR-regulated signaling, and GSK3 inhibitors fine-tune
the physiological and behavioral actions of 5-HT1BR. Future
studies may elucidate the significant roles of GSK3 in serotonin
neurotransmission and implications of GSK3 inhibitors as func-
tional selective modulators of 5-HT1BR.

Introduction

Glycogen synthase kinase-3 (GSK3) (Embi et al., 1980) is a
multifunctional protein kinase that phosphorylates and modu-
lates many protein substrates (Doble and Woodgett, 2003).
GSK3a and GSK33 are paralogous proteins that share 84%
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sequence homology (Woodgett, 1990) and possess common and
distinguished protein substrates (Wang et al., 1994). To regulate
a substrate by phosphorylation, GSK3 locates a serine or threo-
nine residue that is four amino acids toward the N-terminal of a
prime-phosphorylated residue (S/TXXXpS/T) (Doble and
Woodgett, 2003), which led to the activation or inhibition of the
substrate protein. The constitutively active enzyme is normally
under inhibitory regulation by neuromodulators, such as neurotro-
phins and several neurotransmitters, whereas overactive GSK3
can be detrimental to neuronal function (Doble and Woodgett,
2007; Li and Jope, 2010). GSK3 is an attractive therapeutic target
in several neurological disorders, such as mood disorders (Li and

ABBREVIATIONS: GSK3, glycogen synthase kinase-3; BRET, bioluminescence resonance energy transfer; FST, forced swim test; GPCR, G protein-coupled
receptor; 5-HT1BR, 5-hydroxytryptamine-1B receptor; 5-HT1AR, 5-hydroxytryptamine-1A receptor; 8-OH-DPAT, 8-hydroxy-N,N-dipropyl-2-aminotetralin;
TST, tail suspension test; AR-A014418, N-(4-methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl)urea; GFP, green fluorescent protein; YFP, yellow fluorescent protein;
Rluc, Renilla reniformis luciferase; HEK, human embryonic kidney; CHO, Chinese hamster ovary; PBS, phosphate-buffered saline; ANOVA, analysis of variance;
HA, hemagglutinin; shRNA, short hairpin RNA; SB216641, N-[3-[3-(dimethylamino)ethoxy]-4-methoxyphenyl]-2’-methyl-4'-(5-methyl-1,2,4-oxadiazol-3-yl)-
[1,1"-biphenyl]-4-carboxamide; SB216763, 3-(2,4-dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione; SB224289, 1'-methyl-5-[[2'-methyl-4'-(5-
methyl-1,2,4-oxadiazol-3-yl)biphenyl-4-yljcarbonyl]-2,3,6,7-tetrahydrospiro-furo[2,3-flindole-3,4’ -piperidine; WAY100635, N-[2-[4-(2-methoxyphenyl)-1-
piperazinyllethyl]-N-2-pyridinylcyclohexanecarboxamide; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate; BIP-135, 3-(5-bromo-1-methyl-

1H-indol-3-yl)-4-(benzofuran-3-yl)pyrrole-2,5-dione.
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Jope, 2010) and neurodegenerative disorders (Muyllaert et al.,
2008). However, to better develop disease-specific treatment by
normalizing GSK3 activity, it would be important to identify se-
lective GSK3 substrates that have specific neurological functions.

We found previously that GSK3p selectively interacts with
serotonin 1B receptors (5-HT1BR) (Chen et al., 2009).
5-HT1BR belong to the Class A G protein-coupled receptors
(GPCRs) that activate the inhibitory G protein (G;) to inhibit
adenylyl cyclase and cAMP production (Raymond et al.,
2001) and to activate trophic factor-regulated signaling, such
as Akt (Leone et al., 2000). 5-HT1B autoreceptors in sero-
tonin neurons are located at axon terminals (Sari, 2004) and
function to inhibit serotonin release in serotonergic neuron-
innervated brain regions (Riad et al., 2000). 5-HT1B hetero-
receptors interact with other neurotransmitter systems, such
as GABA, dopamine, glutamate, and acetylcholine (Sari,
2004). Upon a balanced activity between their autoreceptors
and heteroreceptors, 5-HT1BR regulate various behaviors
such as mood, anxiety, reward, activity, and aggression
(Clark and Neumaier, 2001; Miczek et al., 2004; Sari, 2004).
Although 5-HT1BR play a substantial role in regulating se-
rotonin neurotransmission and related behaviors, pharmaco-
logical treatment targeting 5-HT1BR has not been fully in-
vestigated.

The selective interaction between GSK3B and 5-HT1BR
makes the molecular mechanism an attractive target for
drug development once the physiological significance of this
mechanism is fully elucidated. In this study, we examined
the roles of GSK3 on 5-HT1BR coupling to G;a, and B-arres-
tin2, the two major intracellular protein mediators of GPCR
signaling. We also investigated the effect of GSK3 in modu-
lating 5-HT1BR-mediated cAMP and Akt signaling, sero-
tonin release, and behaviors. The results show that active
GSK3p selectively modulates G;a-coupled 5-HT1BR signal-
ing, GSKS3 inhibitors act to maintain serotonin output by
abolishing the negative effect of 5-HT'1B autoreceptors, and
GSK3 inhibitors differentially affect 5-HT1BR-mediated
behaviors.

Materials and Methods

Chemicals. Anpirtoline, N-[3-[3-(dimethylamino)ethoxy]-4-
methoxyphenyl]-2’'-methyl-4'-(5-methyl-1,2,4-oxadiazol-3-yl)-
[1,1'-biphenyl]-4-carboxamide (SB216641), 3-(2,4-dichlorophe-
nyl)-4-(1-methyl-1H-indol-3-yl)-1H-pyrrole-2,5-dione (SB216763),
and 1'-methyl-5-[[2'-methyl-4'-(5-methyl-1,2 4-oxadiazol-3-
yDbiphenyl-4-yllcarbonyl]-2,3,6,7-tetrahydrospiro-furo[2,3-
flindole-3,4'-piperidine (SB224289) (Tocris Bioscience, Ellisville,
MO); serotonin, 8-hydroxy-N,N-dipropyl-2-aminotetralin (8-OH-
DPAT), N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-
pyridinylcyclohexanecarboxamide (WAY100635), and N-(4-
methoxybenzyl)-N'-(5-nitro-1,3-thiazol-2-yl)urea (AR-A014418),
(Sigma-Aldrich, St. Louis, MO); [*H]serotonin (PerkinElmer Life
and Analytical Sciences, Waltham, MA); and 3-(5-bromo-1-
methyl-1H-indol-3-yl)-4-(benzofuran-3-yl)pyrrole-2,5-dione (BIP-
135) and (benzofuranyl-3-yl-indol-3-yl)maleimide compounds M1
to M13 (A. P. Kozikowski, University of Illinois, Chicago, IL) were
obtained. Chemicals and drugs are dissolved in distilled water,
dimethyl sulfoxide, or ethanol (EtOH) in a concentrated solution
before they were used for experiments.

DNA Constructs and Mutagenesis. Mouse 5-HT1BR ¢cDNA
(Per Sveningsson, Karolinska Institute, Sweden); rat serotonin 1A
receptor (5-HT1AR) cDNA (P. Albert, University of Ottawa, Ottawa,
ON, Canada); mouse GSK3p3, R96A-GSK3g, K85,86A-GSK3, and
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S9A-GSK3B (R. S. Jope, University of Alabama at Birmingham,
Birmingham, AL); human G;a, and human B-arrestin2 (Missouri
S&T cDNA Resource Center, Rolla, MO); pcDNAG6 vector (Invitrogen,
Carlsbad, CA); pEGFP-C1 and pEYFP-C1 (Clontech, Mountain
View, CA); pRL-TK vector (Promega, Madison, WI). 5-HT1BR and
5-HT1AR ¢DNAs were subcloned into pEGFP-C1 vector with N-ter-
minal GFP, or pRL-TK vector with C-terminal luciferase. Human
G, and human B-arrestin2 cDNAs were subcloned into pEYFP-C1
with N-terminal YFP for G;a, and C-terminal YFP for p-arrestin2.
Mutagenesis of mouse 5-HT1BR was performed as described previ-
ously (Chen et al., 2009). All constructs were verified by DNA se-
quencing before cellular transfection.

RNA Interference of GSK3. Short hairpin RNA (shRNA) se-
quences for human GSK3g, GSK3«, and nontargeting shRNA (Sigma-
Aldrich) are constructed into lentivirus particles. The shRNA-targeting
sequences are shown: GSK3p: bl, CCCAAACTACACAGAATTTAA; b2,
GACACTAAAGTGATTGGAAAT; and b3, CCACTGATTATAC-
CTCTAGTA; GSK3a: al, GACTAGAGGGCAGAGGTAAAT; a2,
GGAGTTCAAGTTCCCTCAGATT; and a3, CTACATCTGTTCTCGC-
TACTAC; and nontargeting shRNA, CCGGCAACAAGATGAAGAG-
CACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT. Human
embryonic kidney (HEK) 293 cells were transduced with shRNAs for
human GSK3B, GSK3q«, or nontargeting shRNA (control). Cell lines
expressing shRNA clones were selected by the antibiotic puromycin (1
ng/ml). All RNA interference-induced GSK3 knockdowns were con-
firmed by immunoblotting using the anti-GSK3a/B antibody.

Cell Culture and Transfection. HEK293 cells and Chinese
hamster ovary (CHO) cells were grown in Dulbecco’s modified Ea-
gle’s medium containing 10% fetal bovine serum and penicillin (100
U/ml)/streptomycin (0.1 mg/ml). For transient transfection of DNA,
cells were grown to 70% confluence, and DNAs were transfected into
cells using the FuGene 6 transfection reagent (Roche Diagnostics,
Indianapolis, IN) following the manufacturer’s protocol. Stable-
transfected cell lines were selected and maintained in media con-
taining corresponding antibiotics. For experiments, cells were placed
in serum-free media before treatment with inhibitors and/or activa-
tors. All experiments using transfected DNA constructs were per-
formed in HEK293 cells except for Akt phosphorylation and cAMP
assays that were performed in CHO cells in which the signaling
cascades are well reserved.

Bioluminescence Resonance Energy Transfer Assay. HEK
cells stably expressing 5-HT1BR-Rluc or 5-HT1AR-Rluc were trans-
fected with YFP, YFP-GSK3pB, YFP-G;a,, or B-arrestin2-YFP. Lu-
ciferase activity was measured using coelenterazine f or coelentera-
zine h (Invitrogen) as the substrate (5 uM). YFP expression was
confirmed by measuring fluorescence signal acquired by excitation at
485 * 10 nm and emission at 528 * 10 nm using the Synergy 2
spectrofluorometer. For real-time bioluminescence resonance energy
transfer (BRET), cells were first detached with PBS-EDTA, washed,
and suspended with 0.1% glucose in PBS containing 0.5 mM MgClL,.
Cells were transferred into white opaque 96-well plate and incubated
at 37°C for 30 min before addition of coelenterazine ~. Measurement
of the dynamic BRET signal was initiated 1 min later. Serotonin was
added 21 s after BRET measurement was initiated, and the mea-
surement was continued for 10 min to assure that any change of
dynamic protein interaction after treatment was observed for a suf-
ficient length of time. For fixed-time BRET measurement, cells were
lifted from culture dishes after they were treated with drugs, washed
with PBS, and transferred into white opaque 96-well plate. BRET
signal was detected 1 min after addition of coelenterazine finto each
well. To measure BRET signals, emission was detected at the wave-
lengths of 485 * 10 and 528 = 10 nm, corresponding to the maxima
of the emission spectra for Rluc and YFP, respectively. The BRET
ratio was calculated using the equation [(emission at 528 = 10 nm) —
(emission at 485 = 10 nm X Cf)l/(emission at 485 + 10 nm) (Angers
et al., 2000), where Cfis (emission at 528 + 10)/emission at 485 = 10
nm measured in cells transfected with 1 ug of a DNA vector without
YFP.
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Immunoprecipitation and Immunoblotting. Cells coexpress-
ing wild-type or mutant GFP-5-HT1BR and HA-GSK383, HA-G;as, or
HA-B-arrestin2 were lysed by rotating in a buffer containing 50 mM
HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.5% CHAPS, 10 ug/ml
leupeptin, 10 ug/ml aprotinin, 5 ug/ml pepstatin, 0.1 mM B-glycero-
phosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium van-
adate, and 100 nM okadaic acid. For coimmunoprecipitation, protein
lysate (200 ng) was incubated overnight with anti-HA-conjugated
agarose (Bethyl, Montgomery, TX). After washing for three times
with a buffer containing 50 mM HEPES, pH 7.5, 150 mM NacCl, 0.3%
Triton X-100, and 10% glycerol, the immunocomplex was denatured
at 67°C for 5 min in SDS sample buffer, and proteins were subjected
to electrophoresis in 10% polyacrylamide gels and immunoblotted
with anti-GFP (Abcam Inc., Cambridge, MA) and anti-HA (Covance
Research Products, Princeton, NJ) antibodies. Protein bands were
detected with enhanced chemiluminescence (GE Healthcare, Chalf-
ont St. Giles. Buckinghamshire, UK).

For immunoblotting GSK3 and Akt, protein lysates from CHO
cells were prepared in a buffer containing 10 mM Tris-HCl, 1 mM
EDTA, 1 mM EGTA, 150 mM NaCl, 0.5% NP-40, 10 ug/ml leupeptin,
10 pg/ml aprotinin, 5 ug/ml pepstatin, 0.1 mM B-glycerophosphate, 1
mM phenylmethylsulfonyl fluoride, 1 mM sodium vanadate, and 100
nM okadaic acid. Denatured proteins were subjected to electropho-
resis in 10% polyacrylamide gels and immunoblotted with antibodies
specific for total GSK3a/B (Millipore, Billerica, MA), phospho-T308-
Akt, phospho-S473-Akt, and total Akt (Cell Signaling Technology,
Danvers, MA).

cAMP Assay. The level of cAMP was measured in CHO cells
using an enzyme immunoassay kit (Direct BioTrak; Amersham/GE
Healthcare) (Chen et al., 2009). To minimize the potential nonselec-
tive effects on GSK3 by other inhibitors, all experiments with cAMP
measurement in this study were conducted in the absence of phos-
phodiesterase inhibitors. After pharmacological treatments, cells
were lysed in a buffer containing 2.5% dodecyltrimethyl ammonium
bromide. Duplicate lysates were transferred into individual wells of
a 96-well plate precoated with donkey anti-rabbit IgG. After incuba-
tion with rabbit cAMP antiserum and cAMP-horseradish peroxidase
conjugates, enzyme reaction was started by the addition of peroxi-
dase substrate, stopped with sulfuric acid, and color reaction was
detected at 450 nm in the Synergy 2 spectrofluorometer (BioTek
Instruments, Winooski, VT). Protein concentrations of cell lysates
were measured using the Bradford Reagent (Bio-Rad Laboratories,
Hercules, CA). The level of cAMP was calculated against a protein
standard and normalized by total protein content in each sample
(measured in picomoles per milligram).

Animals. The Institutional Animal Care and Use Committee at
the University of Alabama at Birmingham approved animal use in
this study. Twelve-week-old adult male C57BL/6 mice (Fredrick
Cancer Research, Fredrick, MD) were housed four to five per cage
with free access to food and water in a 12-h light/dark cycle animal
facility for 1 week before used for experiments. Male homozygous
B-arrestin2 knockout mice in C57BL/6 background (R. J. Lefkowitz,
Duke University, Durham, NC) (Bohn et al., 1999) were continuously
bred from homozygous breeders and were used along with strain-
matched wild-type mice for behavior tests.

Serotonin Release. Male C57BL/6 wild-type mice were sacri-
ficed by decapitation, and brains were rapidly dissected in ice-cold
Krebs buffer [121 mM NaCl, 1.2 mM MgCl,, 1.3 mM CaCl,, 256 mM
NaHCO,, 1.0 mM NaH,PO,, 10 mM glucose, 13.56 mM KCIl, 50 uM
[-tyrosine, 10 uM nomifensine malate (dopamine reuptake inhibitor),
50 puM [-tryptophan, and 10 uM imipramine (serotonin reuptake
inhibitor)]. Transverse cerebral cortical slices (300 wm) were pre-
pared by a tissue chopper (McILWAIN, Surrey, England) and rinsed
in a cold Krebs buffer that was equilibrated with 95% O, and 5%
CO,. Brain slices were labeled with [*H]serotonin (1.3 wCi/ml) in
Krebs buffer with 95% O, and 5% CO, at 37°C for 30 min, trans-
ferred into the perfusion chambers (10~11 slices/chamber), and su-
perfused with aerated (95% O, and 5% CO,) and preheated (37°C)

Krebs buffer. The flow rate was kept at 0.5 ml/min by a Bio-Rad
multichannel peristaltic pump (Econo Pump; Bio-Rad). Beginning at
61 min of perfusion, the superfusion fluid was collected at 2 ml/min.
For GSKS3 inhibitor treatment, the Krebs buffer was supplemented
with AR-A014418 (5 uM), BIP-135 (1 uM), or 0.1% EtOH (vehicle) at
20 min of perfusion and continued throughout. Serotonin release was
induced by potassium chloride (KCl, 50 mM) at 63 min (P1) and at 83
min (P2), with the perfusion buffer replaced by a new Krebs buffer
between P1 and P2 at 78 min when anpirtoline (5 uM) was added.
Collection of superfusion fluid continued until 98 min.

At the end of the experiment, the brain slices from each chamber
were collected and homogenized in 200 ul of 1 N HCI containing 0.1%
Triton X-100. Superfusion fluid from each fraction and tissue homog-
enate (200 ul) was mixed with scintillation liquid (5 ml of Universol,
MP Biomedicals, Solon, OH), and radioactivity was counted by a
scintillation spectrometer (Multi-Purpose Scintillation Counter, LS-
6500; Beckman Coulter, Fullerton, CA). To calculate [*H]serotonin
release, the radioactivity from fractions collected at 61 to 63 min
were averaged as a baseline for the first KCI stimulation, and frac-
tions at 81 to 83 min were averaged for the second KCI stimulation.
The radioactivity of all fractions was calculated as the following:
counts per minute X 100/baseline counts per minute. Data are pro-
cessed by OriginPro 8.1 (OriginLab Corp., Northampton, MA), and
potassium-evoked [*H]serotonin release was represented by the peak
area surrounded by the fitting line and baseline. Effect of a drug was
determined by the ratio of the second overflow (P2) to the first
overflow (P1).

Drug Treatment. For intracerebroventricular infusion of exper-
imental drugs, mice were anesthetized with ketamine and xylazine
(100 mg/kg/10 mg/kg) to place a guide cannula stereotactically (pos-
terior 0.8 mm and right 1.6 mm to the bregma; depth, 2.2 mm). Five
days later, GSK3 inhibitors AR-A014418 (0.3 nmol), BIP-135 (0.08
nmol) or vehicle (10% dimethyl sulfoxide) was infused into the right
ventricle via an internal cannula 90 min before anpirtoline (4 mg/kg)
or saline injection intraperitoneally at a volume of 5 ul/g body
weight.

Behavior Tests. The tail suspension test (TST) was conducted
using an automated testing system (Med Associates Inc., St. Albans,
VT) (Polter et al., 2010). Movement is measured for 6 min, and the
immobility time was recorded with the Med Associates software and
calculated as the time the force of movement was below a preset
threshold. Immobility was recorded as each 2-min bin and the last 4
min of testing. For drug treatment, anpirtoline or saline was given 30
min before testing. The locomotor activity was tested in a Plexiglas
open field (Med Associates), and activity was monitored using the
activity monitoring software (Med Associates) (Polter et al., 2010).
Mice were allowed to habituate in the open field for 15 min before
anpirtoline or saline injection, followed by an additional 30-min
testing in the open field. Travel distance during each 5-min block and
total distance traveled during the 15-min pretreatment and the
30-min post-treatment time periods were recorded.

Data Analysis and Statistics. All experiments and treatments
were repeated for statistical analysis using SPSS (SPSS Inc., Chi-
cago, IL). The analysis of variance (ANOVA) with post hoc or Stu-
dent’s ¢ test was applied as appropriate for each set of experiments.
Values are expressed as mean = S.E.M. and are considered signifi-
cant when p < 0.05.

Results

As a G;-coupled GPCR, 5-HT1BR, coimmunoprecipitated
with G;a, in either the absence or the presence of serotonin
(10 uM), with serotonin treatment transiently increased the
protein association (Fig. 1A). Because GSK3B mainly inter-
acts with the Ser154/Thr158 consensus GSK3 phosphoryla-
tion site located in the second intracellular loop of mouse
5-HT1BR (Chen et al., 2009), we coimmunoprecipitated the
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Fig. 1. Association and dynamic interaction between 5-HT1BR and G;a,. A, HEK293 cells were transfected with GFP-tagged 5-HT1BR wild-type
(1BR-WT), S154A mutant (1BR-S154A), or T158A mutant (1BR-T158A), and cotransfected with HA-G;a,. Some of these cells were treated with
serotonin (5-HT, 10 uM) for the indicated time. Whole-cell lysates were immunoprecipitated with anti-HA-conjugated agarose beads. Both immu-
nocomplex (IP: HA) and cell lysate (lysate) were immunoblotted for GFP and HA. Optimal density of immunoblotted GFP-5-HT1BR-WT was calculated
as the percentage of baseline (0 min serotonin treatment). Mean + S.E.M., n = 3 to 5 at each time interval; *, p < 0.05 in ANOVA when treatment
was compared with baseline (no serotonin). Cells cotransfected with a GFP vector (no 5-HT1BR) and HA-G,«, were also immunoprecipitated with
anti-HA as negative control. B, wild-type 5-HT1BR-Rluc-expressing HEK293 cells were transfected with YFP or YFP-G,a, (1 pg). Real-time BRET
measurement was initiated by addition of coelenterazine A (5 uM) and continued for 10 min. Serotonin (5-HT, 10 uM) was added to the cells 21 s after
the initiation of BRET measurement. Data are expressed as BRET ratio as described under Materials and Methods. C, cells stably expressing the
S154A mutant (1BR-S154A) or T158A mutant (1BR-T158A) 5-HT1BR-Rluc were transfected with YFP-G;a, (1 ug), and real-time BRET was measured
in the absence or the presence of serotonin (10 uM). D, in a different experiment, cells expressing wild-type 5-HT1BR-Rluc were transfected with
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S154A and T158A mutant 5-HT1BR with G;a,. Both mutant
receptors associated with G;ay, but in contrast to wild-type
receptors, serotonin did not change the association between
the mutant 5-HT1BR and G;a, (Fig. 1A), suggesting that only
serotonin-induced, but not the resting state of 5-HT1BR-G; a5
association is affected by GSK3.

To further determine the effect of GSK3 on the dynamic
interaction between 5-HT1BR and G;a,, we used the BRET
assay that measures the proximity of two proteins in living
cells (Angers et al., 2000) In intact cells, wild-type 5-HT1BR-
Rluc and YFP-G;a, interacted with each other at the resting
state with a small but reliably detectable oscillation (Fig.
1B). The oscillatory interaction was not detected between
5-HT1BR-Rluc and YFP. Treatment with serotonin (10 nM)
transiently stabilized the oscillation at the maximum level of
interaction for approximately 100 s before it returned to
oscillation. In the absence of serotonin, both the S154A and
the T158A mutant 5-HT1BR also interacted with G, in
an oscillatory pattern, but different from the wild-type
5-HT1BR, serotonin did not cause a transient stabilization
of the interaction (Fig. 1C).

We also tested the interaction between 5-HT1BR and G;a,
after termination of serotonin treatment. In this experiment,
cells were preincubated with serotonin for 15 min and then
were washed to remove serotonin, followed by measuring the
5-HT1BR-G;a, interaction using the fixed-time BRET. An
YFP fluorescent intensity-dependent interaction between
5-HT1BR and G;a, (maximum at the fluorescent intensity of
12.8 X 10* with 1 pg of YFP-G,a, DNA) was reduced signif-
icantly (Fig. 1D). This was not a resting state interaction,
because it required preserotonin treatment and was concen-
tration-dependently blocked by the 5-HT1BR antagonist
SB224289 and SB216641 applied before serotonin treatment
(Fig. 1E). Different from the wild-type 5-HT1BR, serotonin
pretreatment did not cause a reduction in interaction be-
tween the mutant S154A or T158A mutant 5-HT1BR and
G;a, (Fig. 1F). These results indicate that disruption of
GSK3p binding to the intracellular loop-2 of 5-HT1BR (Chen
et al., 2009) drastically alters the activity-dependent confor-
mational change between 5-HT1BR and G;as.

To further test whether the disrupted interaction between
5-HT1BR and G;a, observed with mutant 5-HT1BR is truly
due to lacking modulation by GSK3, GSK3B, and GSK3«
were eliminated from cells by GSK3B- and GSK3a-targeting
shRNAs, respectively (Fig. 2A). Complete GSK38 knockdown
abolished both serotonin-induced transient stabilization (Fig.
2B) and serotonin pretreatment-induced reduction (Fig. 2C)
of 5-HT1BR-G;«, interaction, and a partial GSK3B knockdown
sufficiently blocked the transient stabilization and moderately
diminished the serotonin pretreatment-induced reduction of
interaction. Cells with GSK3a knockdown or expression of a
nontargeting shRNA, however, responded to serotonin simi-

larly to cells expressing wild-type 5-HT1BR without shRNA
(Fig. 2, B and C). Therefore, GSK33, but not GSK3«, modulates
5-HT1BR-G;«, interaction. The effect of GSK33 was also con-
firmed in cells expressing the inactive R96A-GSK3B (Frame
and Cohen, 2001) or K85,86A-GSK3p (Eldar-Finkelman et al.,
1996), in which serotonin pretreatment did not reduce the
BRET ratio between 5-HT1BR and Gja,, but cells expressing
the constitutively active S9A-GSK3 (Sutherland et al., 1993)
responded to serotonin similarly to cells with wild-type GSK33
(Fig. 2D). These data together suggest that serotonin-induced
conformational change between 5-HT1BR and G;a, requires
the presence of active GSK3p.

Activation of G;-protein links to both inhibition of cAMP
(Raymond et al., 2001) and phosphorylation of Akt that rep-
resents activation of Akt (Hsu et al., 2001). We showed pre-
viously that inhibition of GSK3 abolishes 5-HT1BR-induced
inhibition of cAMP production (Chen et al., 2009). Here, we
further tested whether 5-HT1BR-induced phosphorylation of
Akt also requires GSK3 interaction with 5-HT1BR. In wild-
type 5-HT1BR-expressing cells, serotonin (1 uM) and the
5-HT1BR agonist anpirtoline (1 uM) significantly increased
the levels of phospho-Thr308-Akt and phospho-Ser473-Akt
without changing the level of total Akt (Fig. 3). The effect was
blocked by the 5-HT1BR antagonist SB216641 but not by the
5-HT1AR antagonist WAY100635, and the 5-HT1AR agonist
8-OH-DPAT (1 pM) had a minimal effect on Akt in these
5-HT1BR-expressing cells. In contrast, serotonin and anpir-
toline had a minimal effect on phospho-Thr308-Akt and phos-
pho-Ser473-Akt in S154A mutant 5-HT1BR-expressing cells,
suggesting that GSK3 interaction with 5-HT1BR is neces-
sary for 5-HT1BR-induced phosphorylation of Akt.

Although coupling and activation of G;«a is the canonical
signaling of 5-HT1BR, many GPCRs have been shown to
interact with the adaptor protein B-arrestin2 (Lefkowitz and
Shenoy, 2005). In cells expressing 5-HT1BR-Rluc and B-ar-
restin2-YFP, the two proteins exhibited a low level of inter-
action at resting state (Fig. 4A). Serotonin pretreatment sig-
nificantly increased BRET ratio in an YFP fluorescent
intensity-dependent manner, reaching maximum at 0.5 ug of
B-arrestin2 DNA. The serotonin-induced 5-HT1BR-B-arres-
tin2 interaction had a slow onset, reached maximal BRET
ratio at 4 min of serotonin treatment, and lasted throughout
the 10 min of real-time BRET recording (Fig. 4B). However,
unlike the interaction with G;a,, both S154A and T158A
mutant 5-HT1BR responded to serotonin similarly to wild-
type 5-HT1BR, with a time-dependent increase in BRET
ratio (Fig. 4C). Therefore, lacking GSK3p interaction with
5-HT1BR does not affect serotonin-induced recruitment of
B-arrestin2 to 5-HT1BR.

Because GSK3 inhibitors have potential therapeutic impli-
cations (Cohen and Goedert, 2004; Li and Jope, 2010), the
effect of GSK3 inhibitors on 5-HT1BR was further tested.

different amount of YFP or YFP-G;a, DNA (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and 2 ug) and treated with serotonin (10 pM) for 15 min. The BRET
signal was recorded immediately after serotonin was washed out, followed by the addition of the luciferase substrate coelenterazine f (5 uM). BRET
ratio is plotted against YFP fluorescent intensity recorded at 528 = 10 nm. Mean = S.E.M.,n = 3; #, p < 0.001 in ANOVA when serotonin treatment
in YFP-G;a,-expressing cells was compared with no treatment. E, cells in D were transfected with 1 pug of YFP-G;a, DNA, pretreated with the 5-HT1BR
antagonist SB224289 or SB216641 at the indicated concentrations for 2 h before the addition of serotonin (10 wM) for 15 min. BRET signal was
measured immediately after serotonin was washed out. Mean = S.E.M., n = 3; *, p < 0.05 in ANOVA when antagonist treatment at each concentration
in serotonin-treated cells was compared with no antagonist treatment (0 uM). F, cells expressing wild-type, S154A mutant, or T158A mutant 5-HT1BR
were transfected with G;a,, pretreated with serotonin (10 uM) for 15 min, and BRET signal was measured immediately after serotonin was washed
out. Mean * S.E.M., n = 3—6; *, p < 0.05 in ¢ test when serotonin treatment in each mutant 5-HT1BR-expressing cells was compared with no serotonin

treatment (no 5-HT).
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The ATP-competitive GSK3 inhibitor SB216763 (10 uM) it-
self had no effect on the resting state interaction between
5-HT1BR and G;a,, but it completely abolished serotonin-
induced transient stabilization of the interaction (Fig. 5A)
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and concentration-dependently abolished serotonin pretreat-
ment-induced reduction in interaction (Fig. 5B). In contrast,
SB216763 had no effect on serotonin-induced increase in
5-HT1BR and B-arrestin2 interaction (Fig. 5C).

Fig. 2. Effects of GSK3B-shRNA and inactive GSK383 on
5-HT1BR-G,a, interaction. A, HEK293 cells stably express-
ing 5-HT1BR-Rluc were infected with lentivirus-carried
shRNA for GSK38 (b1, b2, b3), GSK3a (al, a2, a3), or a
nontargeting shRNA (CTL). Cell lysates from these
shRNA-expressing cells and noninfected cells (—) were
immunoblotted for total GSK3a and GSK3p. B, cells in A
with an indicated shRNA were transfected with YFP-G;q,
(1 pg), followed by measuring real-time BRET in the ab-
sence or the presence of serotonin (5-HT, 10 uM). C, BRET
was measured in these cells after serotonin pretreatment
(10 uM) for 15 min. Mean = S.E.M., n = 3-6; *, p < 0.05 in
t test when serotonin-treatment in each type of shRNA-
expressing cells were compared with no serotonin treat-
ment (no 5-HT). D, 5-HT1BR-Rluc-expressing cells were
cotransfected with YFP-G;a, and a wild-type or a mutant
GSK3B (R96A, K85,86A, or S9A) and pretreated with sero-
tonin (10 uM) for 15 min before BRET measurement.
Mean = SE.M., n = 3; *, p < 0.05 in ¢ test when serotonin
treatment in each type of GSK3p-expressing cells were
compared with no serotonin treatment (no 5-HT).
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1BR-WT 1BR-S154A
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Fig. 3. 5-HT1BR-induced Akt phosphory-
5-HT + + + + + + lation. CHO cells stably expressing wild-
Anpirto"ne + + + + type (1BR-WT) or S154A-mutant (1BR-
S154A) 5-HT1BR were treated with the
8-OH-DPAT ot 5-HT1BR antagonist SB216641 or the
SB216641 + + + o+ + + + 5-HTIAR antagonist WAY100635 (1 M)
WAY 100635 + + + + + for 30 min before serotonin (5-HT), anpirto-
line, or 8-OH-DPAT (1 uM) treatment for 5
min. Cell lysates were immunoblotted for
35 . P-T308-AKT 50 - P-S473-AKT phospho-Thr308-Akt, phospho-Ser473-Akt,
%k % - * and total Akt. Data is expressed as average
230 1 * 40 - optical density of immunoblots. Mean *
8225 - c SEM, n = 3to5; %, p < 0.05in ANOVA
8 20 A 8 30 4 * compared with basal value (no drug treat-
=15 | — ment) in each experiment.
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In 5-HT1AR-expressing cells, 5-HT1AR interacted with
G;a, in a manner similar to that of 5-HT1BR with an
oscillation that was transiently stabilized by serotonin
(Fig. 5D), and the interaction was reduced with serotonin
pretreatment (Fig. 5E). However, the GSK3 inhibitor
SB216763 did not alter either of the serotonin-dependent
change of interaction.

To identify additional GSK3 inhibitors that have high po-
tency and selectivity in modulating 5-HT1BR signaling, we
screened a group of benzofuranyl-3-yl-(indol-3-yl)maleimides
that are capable of inhibiting GSK3 at various concentrations
(Supplemental Table 1) (Kozikowski et al., 2007; Gaisina et
al., 2009) and compared their effects with a known GSK3
inhibitor, AR-A014418 (Bhat et al., 2003). Similar to
SB216763 (Chen et al., 2009) (Fig. 5), AR-A014418 concen-
tration-dependently abolished 5-HT1BR and GSK3g interac-
tion (Fig. 6A), serotonin pretreatment-induced interaction
between 5-HT1BR and G;a, (Fig. 6B), and 5-HT1BR-medi-
ated inhibition of cAMP production (Fig. 6C). Among the 14
benzofuranyl-3-yl-(indol-3-yl)maleimides, BIP-135 (Fig. 6A)
and maleimide 6 (Supplemental Fig. 1A) had a potent effect
in disrupting the interaction between 5-HT1BR and GSK33
either without or with serotonin treatment, and other ma-
leimides had a moderate or biphasic effect (Supplemental
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hBARR-YFP + 5-HT
0.12 . .
2 0.10 .
& 0.08 *
— hBARR-YFP
m 0.06 B - o
m 0.04 ST PR 42 °
0.02 YFP
0.00 ¢ : ‘ : ‘ ‘
0 2 4 6 8 10 12 14

YFP Fluorescence Intensity x 10°

99)

0.14 -

1BR-WT
0.12
2 0.10
©
¥ 0.08
o 0.06
O 0.04
0.02
0.00
C o 11BR-S154A 015 1 {BR-T158A
0.12 0.12
2 ko)
S 0.09 § 0.09
'_
& 0.06 E 0.06
& i
0.03 0.03 -

Fig. 1A). All tested maleimides concentration-dependently
reversed serotonin pretreatment-induced reduction in inter-
action between 5-HT1BR and G,a, but did not affect the
interaction in the absence of serotonin (Fig. 6B; Supplemen-
tal Fig. 1B). However, among the four tested maleimides,
only BIP-135 efficiently abolished the effect of serotonin in
reducing cAMP production (Chen et al., 2009), reaching a
maximal effect at 1 uM concentration (Fig. 6C). Maleimides
3 and 6 did not elicit a concentration-dependent effect, and
maleimide 8 had a biphasic effect that did not agree with its
effect on 5-HT1BR-GSK3p interaction (Supplemental Fig.
1A). Therefore, some but not all GSK3 inhibitors selectively
modulate 5-HT1BR-regulated G;a-cAMP signaling.

A major physiological function of active 5-HT1B autorecep-
tors in brain is to negatively regulate serotonin release
(Gothert et al., 1987), which has been reported as a G;-
dependent action (Ghavami et al., 1997). To test whether
GSKS3 inhibitors may affect this physiological function of
5-HT1BR, we measured 5-HT1BR-mediated inhibition of
[*H]serotonin release in mouse cerebral cortical slices. Acti-
vation of 5-HT1BR by anpirtoline (5 uM) caused a 60% re-
duction in potassium chloride (50 mM)-evoked serotonin re-
lease (Fig. 7, A and B). Pretreatment of cortical slices with
the GSK3 inhibitor AR-A014418 (5 uM) or the maleimide

Fig. 4. Interaction between 5-HT1BR with p-arrestin2.
A, HEK293 cells stably expressing wild-type 5-HT1BR-Rluc
were transfected with different amount of YFP or human
B-arrestin2 (hBARR)-YFP DNA (0, 0.01, 0.02, 0.05, 0.1, 0.2,
0.5,1, and 2 pg), and pretreated with serotonin (5-HT, 10 M)
for 15 min before BRET measurement. Mean = S E.M., n =
3; *, p < 0.001 between the two groups in ANOVA. B, real-
time BRET measurement was performed in cells expressing
wild-type 5-HT1BR-Rluc and B-arrestin2-YFP (0.5 pg) in the
absence or the presence of serotonin (10 uM). C, HEK293 cells
stably expressing S154A or T158A mutant 5-HT1BR-Rluc
(1BR-S154A or 1BR-T158A) were used for real-time BRET in
the absence or the presence of serotonin. n = 3; *, p < 0.001
in ANOVA.
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GSK3 inhibitor BIP-135 (1 uM) completely abolished the
inhibitory effect of anpirtoline on serotonin release (Fig. 7B).

5-HT1BRs participate in different serotonin-induced be-
haviors via both autoreceptors and heteroreceptors (Sari,
2004). Enhancing serotonin release by ablating 5-HT1B au-
toreceptor action reportedly facilitates 5-HT1BR agonist-in-
duced reduction of immobility when tested in either the TST
or forced swim test (F'ST) (O’Neill et al., 1996; Chenu et al.,
2008). Because GSK3 inhibitors are able to maintain suffi-
cient serotonin release by abolishing anpirtoline-induced ac-
tivation of 5-HT1B autoreceptors, we tested whether GSK3
inhibitors may facilitate the effect of anpirtoline in the TST
in mice. Systemic administration of anpirtoline (4 mg/kg i.p.)
only mildly reduced the immobility in mice (Fig. 8A), which
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was better observed at the first 4 min of a 6-min test but did
not separate from control mice at the last 4 min of the test.
Infusion of the GSK3 inhibitor AR-A014418 (0.3 nmol/mouse
i.c.v.) itself had no effect on the TST, but when in combina-
tion with anpirtoline, the two drugs caused a significant
reduction in immobility compared with control mice, and the
combined effect seemed to be stronger at the last 4 min of
the test. BIP-135 (0.08 nmol/mouse i.c.v.) itself also did not
have an effect in the TST, but when combined with anpirto-
line, the two drugs elicited a strong and significant effect in
reducing immobility compared with either control or anpir-
toline alone, and the effect sustained throughout the last 4
min of the 6-min test.

In contrast to the TST, AR-A014418 and BIP-135 had no

0.16 1 1BR-Gia2

—O0=nmo5HT  Rig. 5. The effect of GSK3 inhibitor on

—o-SHT 5-HT1BR and 5-HT1AR interaction with

10 G;a, and B-arrestin2. A, HEK293 cells
expressing 5-HT1BR-Rluc and YFP-G;a,
were pretreated with the GSK3 inhibitor
SB216763 (10 uM) for 2 h before used for
real-time BRET measurement in the ab-
sence or the presence of serotonin (5-HT, 10
uM). B, these cells were pretreated with
indicated concentrations of SB216763 for
2 h before addition of serotonin (10 uM) for
15 min, followed by BRET measurement.
Mean + SEM., n = 3-9; *, p < 0.05 in
ANOVA when inhibitor treatment at each
concentration in serotonin-treated cells
were compared with no inhibitor treat-
ment. C, HEK293 cells expressing 5-HT1BR-
Rluc were transfected with p-arrestin2-YFP
(0.5 ug), pretreated with SB216763 (10 M)
for 2 h, followed by real-time BRET measure-
ment in the absence or the presence of sero-
tonin (10 uM). D, HEK293 cells stably ex-
pressing 5-HT1AR-Rluc were transfected
with YFP-G;a, (1 ug) and pretreated with the
GSK3 inhibitor SB216763 (10 uM) for 2 h,
followed by real-time BRET measurement in
the absence or the presence of serotonin.
E, cells in D were transfected with different
amount of YFP or YFP-G,a, (0, 0.01, 0.02,
0.05, 0.1, 0.2, 0.5, 1, and 2 ug), pretreated
with serotonin (5-HT, 10 uM) for 15 min,
followed by BRET measurement. Mean *+
S.EM., n = 3, # p < 0.001 between the two
groups in ANOVA (left). For GSK3 inhibitor
treatment, cells were transfected with 1 ug of
YFP-G;a,, and pretreated with the GSK3 in-
hibitor SB216763 at indicated concentrations
for 2 h before serotonin (10 uM) for 15 min,
followed by BRET measurement; mean *
S.EM., n = 3 (right).

0.04 + T T
0 2 5

SB216763 (M)

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

982 Chen et al.

effect in anpirtoline-induced increase in locomotor activity
(Fig. 8B), which is mainly a 5-HT1B heteroreceptor-mediated
behavior (Pranzatelli et al., 1987; Cheetham and Heal, 1993).
Because GSKS3 inhibitors had no effect on 5-HT1BR-B-arres-
tin2 interaction (Fig. 5C), we tested whether the GSK3 in-
hibitor-insensitive locomotor activity is a B-arrestin2-depen-
dent behavior. In B-arrestin2 knockout mice (Bohn et al.,
1999), anpirtoline did not cause a detectable increase in
locomotor activity at the time of treatment, and the total
distance traveled after anpirtoline treatment was not signif-
icantly different from saline treatment in B-arrestin2 knock-
out mice (Fig. 8C). Therefore, 5-HT1BR-mediated locomotor
activity at least partly depends on the presence of B-arres-
tin2, a signaling mechanism that is independent of 5-HT1BR
interaction with GSK3p.

Discussion

After our previous finding that GSK3p selectively interacts
with 5-HT1BR (Chen et al., 2009), this study further dis-

sected the functional aspects of this interaction on 5-HT1BR-
regulated signaling, physiology, and behavior. The study
results suggest that GSK3p selectively modulates G;a,-asso-
ciated 5-HT1BR signaling pathways but not recruitment of
B-arrestin2 to active 5-HT1BR; GSK3p only affects the acti-
vation state of 5-HT1BR, with little effect on the resting
state; GSK3 inhibitors modulate 5-HT'1B autoreceptor-regu-
lated serotonin release; and GSK3 inhibitors differentially
modulate 5-HT1BR-mediated behaviors.

Because G;a is a major mediator of 5-HT1BR-regulated
signaling (Raymond et al., 2001), this study began by testing
whether GSK3 affects 5-HT1BR-G;a, interaction. The cell-
based BRET assay is used because it allows studying dy-
namic protein interaction of GPCRs with G proteins (Angers
et al., 2000). BRET assay clearly detected three interactive
states of 5-HT1BR with G,a,, the oscillatory interaction at
resting state, the transient stabilization of interaction imme-
diately after receptor activation by serotonin, and a drastic
conformational change shortly after removing serotonin from
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serotonin (10 puM) for 30 min before stimulating cAMP
production with forskolin (fsk; 10 wM, 15 min). The levels of
cAMP (in picomoles) are normalized by the protein concen-
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when inhibitor treatment at each concentration was com-
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the receptor. The interaction pattern in the absence or the
presence of serotonin also applies between 5-HT1AR and
G, a,, suggesting that this is a common dynamic interaction
pattern between type I serotonin receptors and G;a,. A small
oscillatory interaction was observed by the real-time BRET
during receptor resting state, which we confirm is not a
baseline noise of the BRET assay because it was invariably
detected in all experiments using different 5HT1BR and G;a,
DNA constructs. The oscillatory interaction between wild-
type SHT1BR and G;a, can be invariably stabilized by sero-
tonin treatment, whereas there is no oscillation between
5HT1BR and YFP or between 5HT1BR and B-arrestin2. Nev-
ertheless, because the serotonin-induced change of oscilla-
tory interaction is small and transient, we also used the
fixed-time BRET to measure the 5-HT1BR-G,a, interaction
after serotonin treatment. This assay detected a nearly 60%
reduction of BRET ratio only after serotonin was washed out.
Because coimmunoprecipitation assay that measures a
steady-state protein association did not detect a dissociation
of 5-HT1BR and G;as, the serotonin-induced change of inter-
action seen in BRET assay is probably a dynamic protein
conformational change between 5-HT1BR and G;a, that rep-
resents G;a, activation. However, to fully interpret the rela-
tionship of changes observed by real-time and fixed-time
BRET, other protein structural studies are required that will
not be further discussed here.

Because all GSK3 manipulations applied in the study re-
sulted in change of agonist-induced 5-HT1BR-G;a, interac-
tion, it is confirming that GSK3p is a modulator of 5-HT1BR-
regulated G; signaling, and it provides extended explanation
of our previous finding that 5-HT1BR-induced inhibition of
cAMP production depends on the presence of active GSK33
(Chen et al., 2009). The selectivity of GSK38 on 5-HT1BR-
G,a, interaction is likely by targeting 5-HT1BR, not G;as,
itself, because the similar 5-HT1AR-G;a, interaction was not
altered by GSK3 inhibitors.
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Although we conclude that GSK3 is required for activa-
tion of Gja,-coupled signaling by 5-HT1BR, it should be ac-
knowledged that the significant changes of 5-HT1BR re-
sponse to agonists were mostly observed when GSK33 was
removed from 5-HT1BR by receptor mutation, GSK3g knock-
down, inactive GSK3B, and GSK3 inhibitors, whereas over-
expression of constitutively active S9A mutant GSK3g8 had
no additional effect on 5-HT1BR activity. This observation
may suggest that the intrinsic active GSK3g is an integrative
component of the 5-HT1BR, which associates with the rest-
ing 5-HT1BR and is required for full activation of 5-HT1BR
by serotonin. On the other hand, inhibition of GSK3 may
have significant implications in modulating 5-HT1BR-regu-
lated signaling.

G,a-mediated cAMP production is not the only GSK3-de-
pendent signaling pathway of 5-HT1BR because activation of
Akt by serotonin was significantly diminished in S154A-
mutant 5-HT1BR-expressing cells. The mechanisms of regu-
lating Akt by 5-HT1BR are not fully understood, but it is
believed that both «a- and By-subunits of G-protein as well as
B-arrestin are associated with GPCR-induced activation of
Akt (DeWire et al., 2007; New et al., 2007; Yang et al., 2009).
The finding that GSK3 influences 5-HT1BR-induced activa-
tion of Akt further supports the significant effect of GSK3 in
5-HT1BR-regulated signaling. Because Akt is one of the up-
stream GSK3-regulating protein kinases that phosphorylate
GSK3 at the N-terminal serine to inactivate GSK3 activity
(Cross et al., 1995), the GSK3-dependent activation of Akt by
5-HT1BR could function as a feedback regulation to prevent
the prolonged effect of GSK3 on 5-HT1BR, but this postula-
tion remains to be examined.

To our knowledge, 5-HT1BR interaction with B-arrestin2
has not been reported, but this interaction is expected be-
cause B-arrestin has been recognized as an adaptor and sig-
nal transducer of many GPCRs (Lefkowitz and Shenoy,
2005). In this study, recruitment of B-arrestin2 to 5-HT1BR

P2

Fig. 7. The effect of GSK3 inhibitors on 5-HT1BR-mediated
inhibition of serotonin release. Potassium-evoked [*H]sero-
tonin release was measured in freshly isolated mouse brain
cerebral cortical slices. A, serotonin release was stimulated
by potassium chloride (K*, 50 mM) twice. Before the second
potassium stimulation, slices were treated with anpirtoline
(ANP, 5 uM) for 5 min (right). Data is expressed as the
percentage of baseline [*H]serotonin release. B, brain slices
were pretreated with the GSK3 inhibitor AR-A014418 (5
uM) or BIP-135 (1 uM) for 58 min before addition of anpir-
toline. Data are expressed as the ratio of second potassium-
evoked peak (P2) to the first potassium-evoked peak (P1) of
serotonin release. Mean = S.E.M., n = 3-5 in each treat-
ment; %, p < 0.05 in ANOVA when values were compared
with anpirtoline alone.
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Fig. 8. Effects of GSK3 inhibitors on 5-HT1BR-regulated behaviors. A, male C57BL/6 mice (8—12 weeks old) were pretreated with AR-A014418 (AR,
0.3 nmol), BIP-135 (BIP, 0.08 nmol), or vehicle (CTL) (intracerebroventricular administration, 90 min), followed by anpirtoline (ANP 4 mg/kg i.p.) or
saline treatment for 30 min before they were subjected to the TST. Immobility time was recorded and expressed either as the last 4 min of the 6-min
test (left) or by each 2-min block (right). Mean = S.E.M., n = 6 to 11 in each treatment group, p values indicate statistically significant difference in
ANOVA. B, mice were treated with GSK3 inhibitors for 90 min and accommodated in the open field for 15 min before giving anpirtoline (4 mg/kg i.p.).
Locomotor activity was represented by horizontal travel distance. Travel distance during each 5-min block was recorded (left), and post-treatment
travel distance (30 min) is calculated as the ratio of pretreatment travel distance (15 min) (right). C, homozygous B-arrestin2 knockout mice with
C57BL/6 background and strain-matched wild-type mice were accommodated in the open field for 15 min before giving anpirtoline (4 mg/kg i.p.).
Horizontal travel distance was recorded as in B. Mean = S.E.M., n = 6 to 11 in each treatment group; *, p < 0.05 in ANOVA compared with control

(saline treatment).
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was examined as the measure of a G;-independent signaling
that allows to test the signal pathway-selective effect of
GSK3B. In strong contrast to 5-HT1BR agonist-induced ac-
tivation of G;ay,-cAMP signaling, removing or inhibiting
GSK3p did not affect B-arrestin2 recruitment to 5-HT1BR,
which strongly suggest that removing GSK3 does not make
an inert 5-HT1BR; instead, GSK3 probably has functional
selective modulating effect on 5-HT1BR.

To select GSK3 inhibitors that are effective in 5-HT1BR-
regulated G,;a,-cAMP signaling, it is important to sequen-
tially test the 5-HT1BR-GSK3g interaction, 5-HT1BR-G;a,
interaction, and cAMP production, because among all the
GSK3-inhibiting agents tested in this study, only a few spe-
cifically abolish 5-HT1BR-mediated inhibition of G;ay-cAMP
signaling. This could be due to the effect of some GSK3
inhibitors on other signaling mechanisms that regulate
cAMP. The purpose of selecting GSK3 inhibitors with a spe-
cific effect on cellular action of 5-HT1BR is to determine
whether these inhibitors may have potential for modulating
5-HT1BR functions in the brain. Although SB216763 (Smith
et al., 2001), AR-A014418 (Bhat et al., 2003), and BIP-135
(Gaisina et al., 2009) have excellent GSK3 selectivity in
cellular assays, SB216763 was not used for serotonin release
and behavior tests because the effective concentration of this
compound is higher, which limits its use in brain tissues.

We measured the effect of GSK3 inhibitors on serotonin
release in mouse brain cerebral cortical slices because this is
a representative function of 5-HT1B autoreceptors that dis-
tribute at the axon terminals of serotonin neurons reaching
to the cerebral cortex and other brain regions (Riad et al.,
2000). 5-HT1BR-regulated serotonin release is a pertussis
toxin-dependent action mediated by the inwardly rectifying
potassium channel (Innis et al., 1988; Ghavami et al., 1997,
Trillat et al., 1997). Because activation of the pertussis toxin
targets G;a, we hypothesized that the inhibitory effect of
5-HT1BR on serotonin release is a GSK3-dependent function.
The finding that two highly effective GSK3 inhibitors blocked
the inhibitory effect of anpirtoline on serotonin release sug-
gests that GSK3 inhibitors are potential enhancers of sero-
tonin release by minimizing the effect of 5-HT1B autorecep-
tors. This could potentially be an important modulatory
mechanism to balance the counteractive effects of 5-HT1B
autoreceptors and heteroreceptors.

Because behavior studies have been used to delineate the
diverse functions of 5-HT1BR in brain (Clark and Neumaier,
2001; Miczek et al., 2004; Sari, 2004), we tested two well
known 5-HT1BR-regulated behaviors, TST and locomotor
activity, as another functional measure to configure the role
of GSK3 in 5-HT1BR function and to provide evidence for the
in vivo significance of this GSK3 action.

5-HT1BR can reduce immobility in TST and FST (O’Neill
et al., 1996; Chenu et al., 2008). This behavioral effect per se
is a function of 5-HT1B heteroreceptors located at nonsero-
tonin neurons (Chenu et al., 2008), but the effect usually
requires a high dose of 5-HT1BR agonist when administered
via systemic route, because simultaneous activation of
5-HT1B autoreceptors could suppress serotonin release and
dampen this heteroreceptor-mediated behavioral effect. In
this study, the T'ST was applied because it is suitable for
experiments involving intracerebroventricular drug admin-
istration with cannula placement. We used the dose of an-
pirtoline that by itself had no significant effect in the TST,
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assuming that this treatment is at the interface in which the
effect of 5-HT1B heteroreceptors is mostly masked by simul-
taneous autoreceptor activation. The results that anpirtoline,
when combined with a GSK3 inhibitor, significantly reduced
immobility highly suggests that GSK3 inhibitors selectively
control 5-HT1B autoreceptor action but spare the actions of
5-HT1B heteroreceptors. It should be noted that several
GSKS3 inhibitors were reported to reduce immobility when
tested in the TST or FST (Li and Jope, 2010), but the GSK3
target of the behavioral effect is unknown. Therefore, it is
critical that we used intracerebroventricular administration
of GSK3 inhibitors at low doses that alone had no effect on
the TST because the aim of this study is to test the modulat-
ing effect of GSK3 inhibitors on 5-HT1BR function with min-
imal influence on the off-target or non-neuronal effects of
GSKs3.

The selectivity of GSK3 inhibitors on 5-HT1BR-regulated
behaviors is further supported by their lack of action on
anpirtoline-induced locomotor activity, which is primarily a
function of 5-HT1B heteroreceptors at nonserotonin neurons
(Pranzatelli et al., 1987; Cheetham and Heal, 1993) and by
the diminished response to anpirtoline-induced locomotor
activity in mice lacking B-arrestin2 that is independent of
GSK3. However, the result of this study does not rule out the
possibility that the dampened locomotor activity in B-arres-
tin2 knockout mice is a result of lacking dopamine D2 recep-
tor activity, because D2 receptor-regulated locomotor activity
is also a B-arrestin2-dependent action (Beaulieu et al., 2005).

Therefore, findings reported in this study provide new
evidence that GSK3 is a functional selective modulator in
5-HT1BR-regulated G;« signaling, serotonin release, and be-
havior. Future studies may further elucidate the function of
GSK3 in serotonin neurotransmission and potential thera-
peutic applications of GSK3 inhibitors in neurological ill-
nesses that are associated with altered 5-HT1BR activity.

Acknowledgments

We thank Drs. Michel Bouvier (Université de Montréal, Montreal,
QC, Canada) and Richard S. Jope (University of Alabama at Bir-
mingham, Birmingham, AL) for scientific advice; Dr. Alan P.
Kozikowski (University of Illinois at Chicago, IL) for supply of ben-
zofuranyl-3-yl-(indol-3-yl)maleimides; and Dr. Robert J. Lefkovitz
for providing the B-arrestin2 knockout mice (Duke University, Dur-
ham, NC).

Authorship Contributions

Participated in research design: L. Chen, Zhou, P. Chen, and Li.

Conducted experiments: L. Chen, Zhou, Yang, and Li.

Contributed new reagents or analytic tools: P. Chen and Gaisina.

Performed data analysis: L. Chen, Zhou, and Li.

Wrote or contributed to the writing of the manuscript: L. Chen,
Zhou, P. Chen, and Li.

Other: Li acquired funding for the research.

References

Angers S, Salahpour A, Joly E, Hilairet S, Chelsky D, Dennis M, and Bouvier M
(2000) Detection of beta 2-adrenergic receptor dimerization in living cells using
bioluminescence resonance energy transfer (BRET). Proc Natl Acad Sci USA
97:3684-3689.

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, and Caron
MG (2005) An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior. Cell 122:261-273.

Bhat R, Xue Y, Berg S, Hellberg S, Ormé M, Nilsson Y, Radeséter AC, Jerning E,
Markgren PO, Borgegard T, et al. (2003) Structural insights and biological effects
of glycogen synthase kinase 3-specific inhibitor AR-A014418. J Biol Chem 278:
45937-45945.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

986 Chen et al.

Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, and Lin FT (1999)
Enhanced morphine analgesia in mice lacking beta-arrestin 2. Science 286:2495—
2498.

Cheetham SC and Heal DJ (1993) Evidence that RU 24969-induced locomotor
activity in C57/B1/6 mice is specifically mediated by the 5-HT1B receptor. Br J
Pharmacol 110:1621-1629.

Chen L, Salinas GD, and Li X (2009) Regulation of serotonin 1B receptor by glycogen
synthase kinase-3. Mol Pharmacol 76:1150-1161.

Chenu F, David DJ, Leroux-Nicollet I, Le Maitre E, Gardier AM, and Bourin M
(2008) Serotonin1B heteroreceptor activation induces an antidepressant-like effect
in mice with an alteration of the serotonergic system. J Psychiatry Neurosci
33:541-550.

Clark MS and Neumaier JF (2001) The 5-HT1B receptor: behavioral implications.
Psychopharmacol Bull 35:170-185.

Cohen P and Goedert M (2004) GSK3 inhibitors: development and therapeutic
potential. Nat Rev Drug Discov 3:479—487.

Cross DA, Alessi DR, Cohen P, Andjelkovich M, and Hemmings BA (1995) Inhibition
of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature
378:785-789.

DeWire SM, Ahn S, Lefkowitz RJ, and Shenoy SK (2007) Beta-arrestins and cell
signaling. Annu Rev Physiol 69:483-510.

Doble BW and Woodgett JR (2003) GSK-3: tricks of the trade for a multi-tasking
kinase. J Cell Sci 116:1175-1186.

Doble BW and Woodgett JR (2007) Role of glycogen synthase kinase-3 in cell fate and
epithelial-mesenchymal transitions. Cells Tissues Organs 185:73—84.

Eldar-Finkelman H, Argast GM, Foord O, Fischer EH, and Krebs EG (1996) Expres-
sion and characterization of glycogen synthase kinase-3 mutants and their effect
on glycogen synthase activity in intact cells. Proc Natl Acad Sci USA 93:10228—
10233.

Embi N, Rylatt DB, and Cohen P (1980) Glycogen synthase kinase-3 from rabbit
skeletal muscle. Separation from cyclic-AMP-dependent protein kinase and phos-
phorylase kinase. Eur J Biochem 107:519-5217.

Frame S and Cohen P (2001) GSK3 takes centre stage more than 20 years after its
discovery. Biochem J 359:1-16.

Gaisina IN, Gallier F, Ougolkov AV, Kim KH, Kurome T, Guo S, Holzle D, Luchini
DN, Blond SY, Billadeau DD, et al. (2009) From a natural product lead to the
identification of potent and selective benzofuran-3-yl-(indol-3-yl)maleimides as
glycogen synthase kinase 3beta inhibitors that suppress proliferation and survival
of pancreatic cancer cells. J Med Chem 52:1853-1863.

Ghavami A, Baruscotti M, Robinson RB, and Hen R (1997) Adenovirus-mediated
expression of 5-HT1B receptors in cardiac ventricle myocytes; coupling to inwardly
rectifying K+ channels. Eur J Pharmacol 340:259-266.

Gothert M, Schlicker E, Fink K, and Classen K (1987) Effects of RU 24969 on
serotonin release in rat brain cortex: further support for the identity of serotonin
autoreceptors with 5-HT1B sites. Arch Int Pharmacodyn Ther 288:31-42.

Hsu EH, Lochan AC, and Cowen DS (2001) Activation of Akt1 by human 5-hydroxy-
tryptamine (serotonin)1B receptors is sensitive to inhibitors of MEK. J Pharmacol
Exp Ther 298:825-832.

Innis RB, Nestler EJ, and Aghajanian GK (1988) Evidence for G protein mediation
of serotonin- and GABAB-induced hyperpolarization of rat dorsal raphe neurons.
Brain Res 459:27-36.

Kozikowski AP, Gaisina IN, Yuan H, Petukhov PA, Blond SY, Fedolak A, Caldarone
B, and McGonigle P (2007) Structure-based design leads to the identification of
lithium mimetics that block mania-like effects in rodents. possible new GSK-3beta
therapies for bipolar disorders. J Am Chem Soc 129:8328-8332.

Lefkowitz RJ and Shenoy SK (2005) Transduction of receptor signals by beta-
arrestins. Science 308:512-517.

Leone AM, Errico M, Lin SL, Cowen DS, and Lione AM (2000) Activation of extra-
cellular signal-regulated kinase (ERK) and Akt by human serotonin 5-HT(1B)
receptors in transfected BE(2)-C neuroblastoma cells is inhibited by RGS4. J Neu-
rochem 75:934-938.

Li X and Jope RS (2010) Is glycogen synthase kinase-3 a central modulator in mood
regulation? Neuropsychopharmacology 35:2143-2154.

Miczek KA, Faccidomo S, De Almeida RM, Bannai M, Fish EW, and Debold JF (2004)
Escalated aggressive behavior: new pharmacotherapeutic approaches and oppor-
tunities. Ann NY Acad Sci 1036:336-355.

Muyllaert D, Kremer A, Jaworski T, Borghgraef P, Devijver H, Croes S, Dewachter
I, and Van Leuven F (2008) Glycogen synthase kinase-3beta, or a link between
amyloid and tau pathology? Genes Brain Behav 7 (Suppl 1):57—66.

New DC, Wu K, Kwok AW, and Wong YH (2007) G protein-coupled receptor-induced
Akt activity in cellular proliferation and apoptosis. FEBS J 274:6025—-6036.

O’Neill MF, Fernandez AG, and Palacios JM (1996) GR 127935 blocks the locomotor
and antidepressant-like effects of RU 24969 and the action of antidepressants in
the mouse tail suspension test. Pharmacol Biochem Behav 53:535-539.

Polter A, Beurel E, Yang S, Garner R, Song L, Miller CA, Sweatt JD, McMahon L,
Bartolucei AA, Li X, et al. (2010) Deficiency in the inhibitory serine-
phosphorylation of glycogen synthase kinase-3 increases sensitivity to mood dis-
turbances. Neuropsychopharmacology 35:1761-1774.

Pranzatelli MR, Jappay E, and Snodgrass SR (1987) Effects of 5-HT receptor sub-
type-selective drugs on locomotor activity and motor habituation in the DHT adult
rat model. Pharmacol Biochem Behav 27:497-504.

Raymond JR, Mukhin YV, Gelasco A, Turner J, Collinsworth G, Gettys TW, Grewal
JS, and Garnovskaya MN (2001) Multiplicity of mechanisms of serotonin receptor
signal transduction. Pharmacol Ther 92:179-212.

Riad M, Garcia S, Watkins KC, Jodoin N, Doucet E, Langlois X, el Mestikawy S,
Hamon M, and Descarries L (2000) Somatodendritic localization of 5-HT1A and
preterminal axonal localization of 5-HT1B serotonin receptors in adult rat brain.
J Comp Neurol 417:181-194.

Sari Y (2004) SerotoninlB receptors: from protein to physiological function and
behavior. Neurosci Biobehav Rev 28:565-582.

Smith DG, Buffet M, Fenwick AE, Haigh D, Ife RJ, Saunders M, Slingsby BP, Stacey
R, and Ward RW (2001) 3-Anilino-4-arylmaleimides: potent and selective inhibi-
tors of glycogen synthase kinase-3 (GSK-3). Bioorg Med Chem Lett 11:635—639.

Sutherland C, Leighton IA, and Cohen P (1993) Inactivation of glycogen synthase
kinase-3 beta by phosphorylation: new kinase connections in insulin and growth-
factor signalling. Biochem J 296:15-19.

Trillat AC, Malagié I, Scearce K, Pons D, Anmella MC, Jacquot C, Hen R, and
Gardier AM (1997) Regulation of serotonin release in the frontal cortex and ventral
hippocampus of homozygous mice lacking 5-HT1B receptors: in vivo microdialysis
studies. J Neurochem 69:2019-2025.

Wang QM, Park IK, Fiol CJ, Roach PJ, and DePaoli-Roach AA (1994) Isoform
differences in substrate recognition by glycogen synthase kinases 3 alpha and 3
beta in the phosphorylation of phosphatase inhibitor 2. Biochemistry 33:143-147.

Woodgett JR (1990) Molecular cloning and expression of glycogen synthase kinase-
3/factor A. EMBO J 9:2431-2438.

Yang M, He RL, Benovic JL, and Ye RD (2009) beta-Arrestinl interacts with the
G-protein subunits betalgamma2 and promotes betalgamma2-dependent Akt
signalling for NF-kappaB activation. Biochem J 417:287-296.

Address correspondence to: Dr. Xiaohua Li, 1720 7th Avenue South,
Sparks Center 1001A, Birmingham, AL 35294. E-mail: xili@uab.edu

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

