
Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

journal homepage: www.elsevier.com/locate/biopha

The mood stabilizing properties of AF3581, a novel potent GSK-3β inhibitor

Valeria Capurroa,1, Massimiliano Lanfrancoa,1, Maria Summaa, Pier Francesca Porceddua,
Mariasole Ciampolia, Natasha Margarolia, Lucia Durandob, Beatrice Garroneb, Rosella Ombratob,
Serena Tongianib, Angelo Reggiania,*
a D3 Validation Research Line, Istituto Italiano di Tecnologia, Via Morego 30, 16163, Genova, Italy
bAngelini Pharma S.p.A., Viale Amelia, 70–00181, Rome, Italy

A R T I C L E I N F O

Keywords:
Bipolar disorders
Depression
GSK3beta
Drug Discovery
Neuropharmacology

A B S T R A C T

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on serine
and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of many
cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is now
large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to bipolar
disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzyme and highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of de-
pression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzyme and highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of de-
pression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzymeand highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of
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depression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype

of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- alkylpiperidin-4-yl) me-
thyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits GSK-3β in the nanomolar
range on purified human enzyme and highly selective with respect to other kinases. Current study demonstrates
that the compound has efficacy both in the chronic mild stress paradigm of depression (mimicking the down
phase of bipolar disorder) and on mice aggressiveness in the resident intruder model (mimicking the up phase).
These findings underline the importance of aberrant GSK-3β activity in the development/ maintenance of mood
oscillation in this peculiar pathological condition. Moreover, the present work also suggests a therapeutic po-
tential for selective GSK-3 β inhibitors in the management of bipolar disorders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzyme and highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of de-
pression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzyme and highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of de-
pression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

Glycogen synthase kinase 3β (GSK-3β) is a serine/threonine protein kinase mediating phosphorylation on
serine and threonine amino acid residues of several target molecules. The enzyme is involved in the regulation of
many cellular processes and aberrant activity of GSK-3β has been linked to several disease conditions. There is
now large evidence on the role of GSK-3β in the pathophysiology of mood disturbances with special regard to
bipolar disorders. In the present study we further investigated the role of GSK-3β in bipolar disorders by studying
AF3581, the prototype of a novel class of ATP-competitive GSK-3β inhibitors having the common N-[(1- al-
kylpiperidin-4-yl) methyl]-1H-indazole-3-carboxamide scaffold. Based on previous studies, AF3581 inhibits
GSK-3β in the nanomolar range on purified human enzyme and highly selective with respect to other kinases.
Current study demonstrates that the compound has efficacy both in the chronic mild stress paradigm of de-
pression (mimicking the down phase of bipolar disorder) and on mice aggressiveness in the resident intruder
model (mimicking the up phase). These findings underline the importance of aberrant GSK-3β activity in the
development/ maintenance of mood oscillation in this peculiar pathological condition. Moreover, the present
work also suggests a therapeutic potential for selective GSK-3 β inhibitors in the management of bipolar dis-
orders patients.

1. Introduction

Lithium has been used for over half a century as the mood stabilizer
of choice, but its use in the treatment of bipolar disorder (BD) has some
important limitations may not be always favorable to bipolar patients,
because of the intrinsic risk of precipitation of the manic phase.
Moreover, lithium has narrow safety margins due to its rather

unspecific pharmacological profile. This liability can significantly re-
duce drug tolerability and possibly patient compliance [1].

Since the discovery of lithium psychotropic properties, its me-
chanism of action has been the subject of intense investigation. An in-
triguing feature is that lithium inhibits GSK-3β activity and that the
same inhibitory effect seems to be shared by other mood stabilizers
such as valproate, raising the hypothesis of a role of GSK-3β in disease
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development and/or maintenance [2–4].
GSK-3β is a widespread signaling molecule regulating many cellular

processes associated to cell structure, gene expression and apoptosis
and GSK-3β hyperactivity has been linked to several disease conditions
such as inflammation, neurodegeneration, alteration of circadian clock
and psychiatric disorders [3].

There is now evidence both in animals and in humans that hyper-
activity of GSK-3β can be associated to bipolar disorders

For example, induction of depressive states in animals increases
GSK-3β activity, while heterozygous GSK-3βmice (+/−) have reduced
depression-like immobility in the Forced Swimming Test [5], sug-
gesting that, following reduction of GSK-3β activity, a kind of natural
antidepressant behavior occurs. Moreover, lithium and GSK-3β in-
hibitors have shown efficacy in mood disorders animal models [6–9].

In man, an elevated GSK-3β activity has been reported in post-
mortem samples from ventral prefrontal cortex of patients with major
depression disorder [10]. More recently, it has been found that an in-
herited mutation of the DISC1 gene that is clinically characterized by
high frequency of mood disorders, is associated to GSK-3β gene dys-
regulation (increased activity) [11,12].

The goal of the present study was to verify the mood stabilizing
properties of AF3581, a recently described potent ATP-competitive and
selective GSK-3β inhibitor [13] to assess its potential as a treatment for
bipolar disorders.

This compound belongs to a novel class of competitive GSK-3β in-
hibitors having the common N-[(1-alkylpiperidin-4-yl)methyl]-1H-in-
dazole-3-carboxamide scaffold and it can be considered as a significant
advancement compared to the existing, in view of its high plasma sta-
bility and overall drug-like properties.

Unfortunately, there are no reliable animal models featuring the
BDs condition in human. Therefore, we studied AF3581 in distinct
animal models for the down phase (anhedonia assessed with the
chronic mild stress paradigm) and for the up phase (mania/aggres-
siveness with the resident intruder model). The assumption was that
efficacy in both conditions could predict efficacy on the global bipolar
disorder condition in humans.

In addition, to further confirm that the pharmacological effects in-
duced by AF3581 are related to GSK-3β inhibition, the in vivo induction
of pSer9-GSK-3β expression (inactive form of the enzyme) as qualitative
index of GSK-3β engagement by AF3581 has been also determined.

2. Materials and methods

2.1. Animals and drug treatment

C57BL/6 J male mice of 8–10 weeks old (Charles River Laboratories
Italia, Calco, Italy) were used in each study. They were housed in 6 per
cages and allowed for two weeks to habituate in a climate-controlled
animal facility (21 ± 2 °C) and maintained on a 12-h light/dark cycle
(light on: 7 a.m.−7 p.m.), before beginning experimentation.

Mice testing was conducted during the light phase and food was
withdrawn the night before. Mice were weighted and monitored daily.
All experiments were carried out in accordance with the guidelines
established by the European Communities Council Directive (Directive
2010/63/EU of 22 September 2010) and approved by the National
Council on Animal Care of the Italian Ministry of Health. All efforts
were made to minimize animal suffering and to use the minimal
number of animals required to produce reliable results.

Drugs: amphetamine, fluoxetine and lithium (Sigma-Aldrich, St.
Louis, MO, USA); AF3581 (synthesized by Angelini SpA). AF3581,
fluoxetine and lithium were always administered by oral gavage (5mL/
kg) unless otherwise specified and were dissolved in PEG 400/Tween
80/Saline solution at 10/10/80% in volume.

2.2. Locomotor activity with amphetamine treatment

10 C57BL/6 J male mice were used in each experimental group.
They were food deprived the day before the experiment. At the day of
the test, mice were allowed to explore the empty opaque open field
arena (40×40×40 cm, Ugo Basile Srl, Gemonio, Italy) for 20min
(habituation). Then, mice were withdrawn from the apparatus, injected
orally with AF3581 (with a range of doses between 0.3 and 30mg/kg)
and the placed back. After 15min, amphetamine (2mg/kg i.p.) was
given and motility was recorded for the subsequent 90min (test phase)
to measure drug effect on amphetamine hyperactivity. All sessions were
videotaped and the total distance travelled was analyzed with ANY-
maze software (Stoelting Co.).

2.3. Chronic mild stress procedure (CMS)

A well-accepted model to mimic depressive-like state in mice is the
Chronic Mild Stress (CMS) procedure.

Mice were randomly divided in two groups: one group of C57BL/6 J
mice was exposed to 5–7 weeks of CMS (CMS mice). The other group,
the non-stressed mice (NO CMS mice), was used as control.

CMS protocol was adapted from Elizalde et al. [14] and Nollet at al
[15]. and was applied for 5–7 weeks consecutively. Briefly, CMS was
induced by exposing mice to at least two of the following stressors
daily:

• restraint - mice were placed in a 50mL plastic tube (falcon) with
openings in both sides for breathing for 1 h;

• social stress - mice were introduced in an empty cage previously
occupied by another individual for 2 h;

• without sawdust - the sawdust is removed from the cage for 2 h;

• damp sawdust - the floor of each cage was covered with damp saw-
dust for 2 h;

• “bath” - the sawdust of each cage is removed and replaced by about
125mL water at 20 °C (about 1 cm water) for 30min;

• cage tilting - cages were tilted backwards (45°) for 3 h;

• cycle disturbances - the light/dark cycle was changed (2 h of dark
during the light phase).

CMS and NO CMS groups were treated with vehicle, or the new
compound, AF3581 (10mg/kg p.o. twice a day), or a reference com-
pound, fluoxetine (16mg/kg i.p. once a day). AF3581 was administered
at the same time when the stressor procedure started (preventive pro-
tocol), or 3 weeks after the beginning of the CMS procedure (ther-
apeutic protocol).

The behavioral effects of stress were evaluated at the end of each
week using the Sucrose Preference Test and the Splash Test. At the end
of the whole procedure, plasma corticosterone (index of stress) and
hippocampal BDNF content (index of neurogenesis) were also mea-
sured.

2.3.1. Sucrose preference test
Sucrose preference test was measured weekly. A decline of perfor-

mance in this test is considered an index of anhedonia (loss of pleasure).
Mice were food and water deprived at 5 p.m. of the previous day.

Then, at 9 a.m. of the test day, they were given a free choice between
two identical and randomly positioned bottles, one with a freshly pre-
pared 1% sucrose solution and another with tap water. Bottle choice
exposure lasted for the subsequent 24 h. The total water/sucrose intake
was measured at 9 a.m. of the next day. The percentage of preference
was defined as ration sucrose intake (ml) over total liquid intake.

2.3.2. Splash test
This test is also considered a measure of anhedonia (loss of self-

esteem). Mice were squirted on the snout with a 10% sucrose solution
and the grooming frequency was then recorded. A decline of self-
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grooming is considered an index of reduced self-esteem (anhedonia)

2.3.3. Plasma corticosterone levels
Measurement of plasma corticosterone was performed using a

commercially available enzyme-ELISA kit (Cortisol assay, Enzo Life
Science) according to the manufacturer’s instructions. All measure-
ments were performed in duplicate. Plasma samples were diluted 1:20.

2.3.4. Hippocampal BDNF levels
Hippocampal BDNF levels was measured using a commercially

available ELISA kit (BDNF Emax ImmunoAssay System, Promega) fol-
lowing the manufacturer's protocol. Tissues were homogenized in Ripa
buffer supplemented with protease inhibitors and diluted 1:5 in Block &
Sample buffer.

2.4. Resident-intruder test

The experiment was performed according to Einat [16]. 10 C57BL/
6 J male mice, 8 weeks old at the beginning of the study, were kept in
isolation for 6 weeks in their home cage (RESIDENT). In this period,
animals established a strong territorial supremacy. In order to max-
imize territoriality, an ovariectomized female was placed in the re-
sident’s home cage starting from 1 week before the test until 1 h prior
testing. Bedding was not changed in the 7 days preceding the experi-
ment.

In a different room of the animal facility, 10 C57BL/6 J male mice, 7
weeks old at the time of the study, were group-housed together and
served as INTRUDER.

The test was carried out in the resident’s home cage. Following a
2min adaptation period, an intruder mouse was placed in the cage with
the resident for 10min and videotaped. Social behavior (time spent
sniffing and grooming) was measured along with aggressive behavior of
the resident towards the intruder (number of attacks, latency to first
attack, time spent attacking). Lithium was mixed with food at the
concentration of 2.4 g/kg corresponding to a daily intake of 10mg/kg
calculated on food consumption. AF3581 was given in the drinking
water at the concentration of 90mg/l corresponding to final daily in-
take 20mg/Kg/day based on water consumption. Treatments were
started at the beginning of isolation procedure and were continued for 6
weeks consecutively.

2.5. Target engagement studies

2.5.1. Enzyme-linked immunosorbent assay kit (Elisa)
Phospho-GSK-3β (pSer9-GSK-3β) and total GSK-3β levels were

measured in hippocampal preparation by using ELISA kit by Invitrogen
(Polyclonal Antibody). The measurement was carried out according to
the manufacturer’s instructions. pSer9-GSK-3β concentration was nor-
malized by the total protein content for a given sample, as measured by
using the bicinchoninic acid (BCA) assay (Thermo Scientific, Rockford,
IL, USA).

2.6. Statistical analysis

Data are expressed as mean ± SEM. Statistical analyses were per-
formed using Prism-8 software (version 8.00, Graph Pad, San Diego,
CA). Unpaired t-test, One or Two-way analysis of variance (ANOVA,
multiple comparisons) or Mixed effect analysis were used as a statistical
analysis, as appropriate: Two-way ANOVA followed by Tukey post hoc
test was used for chemical analyses; Two-way ANOVA followed by
Bonferroni post hoc test was used for Amphetamine locomotor sensi-
tization; Mixed effect analysis followed by Bonferroni post hoc test was
used for Sucrose preference and Splash tests; One-way ANOVA followed
by Tukey post hoc test was used for the target engagement; Unpaired t-
test was used for Resident intruder model evaluations. Results were
considered significant at p<0.05.

3. Results

3.1. Amphetamine challenge

Since the experimental models identified to assess the efficacy of
AF3581 in the two phases of bipolar required prolonged oral adminis-
tration of the compound, the amphetamine-induced hyperactivity assay
was used to identify the suitable orally effective dose, based on previous
results by Furlotti et al. [13].

As shown in Fig. 1, a range of doses between 0.3 and 30mg/kg p.o.
was tested and a significant reduction of hyperactivity was seen starting
at a dose as low as 3mg/kg, while full effectiveness was observed at
30mg/kg (p < 0.001, F(5,145) = 6328). The dose of 10mg/kg was
selected as the most suitable dose for next studies because at 30mg/kg
a trend towards sedation was observed in naive mice.

In a subsequent pharmacokinetic study, we established the dose
regimen by measuring blood and brain levels of AF3581 after the oral
dosing of 10mg/kg. The oral administration of AF3581 proved highly
bioavailable (F= 68%) and poorly metabolized (half-life= 240min).
Moreover, no enzymatic induction was observed following repeated
dosing (data not shown). Based on these findings, we selected 10mg/kg
p.o. twice a day as the optimal drug regimen of AF3581 administration
for the entire duration of study.

3.2. Chronic mild stress

Anhedonia is a typical symptom associated to depression, Repeated,
mild stressful stimuli causes a slow development of anhedonia both in
humans and in rodents as measured by decline of sucrose preference
(loss of pleasure) and absence of grooming behavior after squirt of
sucrose (loss of self-esteem).

3.2.1. Sucrose preference test
As shown in Fig. 2A, B, C (time 0), NO CMS mice displayed an initial

80–90% of sucrose preference but, when mice started receiving the
CMS procedure, a progressive decline of sucrose preference can be re-
corded. This decline was interpreted as a gradual loss of interest in
normally enjoyable activities (sucrose drinking) and starting from week
4 a significant difference of sucrose preference in CMS mice was ob-
served (p=0.0016; F(5,42) = 4.729).

In the preventive protocol, the compounds were administered at the
selected dose regimen starting at time 0 (Fig. 2A for fluoxetine, 16mg/
kg i.p. once a day and Fig. 2B for AF3581, 10mg/kg p.o. twice a day).
When the tested compounds were given to NO CMS mice, sucrose
preference remained stable (no unspecific performance alteration)
while, when they were given to CMS mice, both AF3581 (Fig. 2B;
p < 0.0001; F(1,41) = 25.88) and fluoxetine (Fig. 2A; p=0.0157;
F(1,39) = 6.383) exhibited a preventive blockade of CMS-induced

Fig. 1. Inhibition by the oral administration of AF3581 of amphetamine-in-
duced hyperactivity in mice. Amphetamine was given at 2mg/kg i.p. Saline or
amphetamine were given after 20min of habituation period (no recording).
Data are the mean ± SEM (n=12) of the distance travelled after 90min re-
cording. **p < 0.01, ***p < 0.001 veh+ amph.
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decline of sucrose consumption (blockade of anhedonia).
In the therapeutic protocol (Fig. 2C), only AF3581 was studied. The

administration of the compound started at week 3 after the beginning of
CMS procedure. At this time in non-drug treated CMS mice, the decline
of sucrose consumption continued, as expected, while treatment with
AF3581 initially halted and then significantly reversed the reduction of
sucrose preference (p < 0.0001; F(1,81) = 66.69). After two additional
weeks of treatment (i.e. at week 5) sucrose preference was back to
normal although the CMS procedure the reduced preference was still in
place.

3.2.2. Splash test
The Splash Test was measured as additional read-out and was as-

sessed in the same CMS mice as for the sucrose preference test. As
shown in Fig. 2D–F, after squirt of sucrose on the snout, a clear
grooming behavior occurred in NO CMS mice to eliminate the sucrose,
while a reduced grooming behavior was gradually observed in CMS
mice. This gradual reduction of grooming behavior suggested a pro-
gressive loss of self-esteem (anhedonia) already at week 2 from the
beginning of the stressful procedure with the maximal statistically

significant effect at week 4 and 5 (p=0.0009; F(5,42) = 5.140). In the
preventive protocol (Fig. 2D and E), either fluoxetine or AF3581 did not
change the grooming performance in NO CMS mice (no unspecific
performance alteration), while both fully prevented the performance
decline in CMS mice (Fig. 2D, p=0.0002, F(139)= 17.34; Fig. 2E,
p=0.0027; F(1, 38) = 10.32).

In the therapeutic protocol, AF3581 treatment was started at week 3
when the grooming behavior performance in the CMS group was al-
ready highly compromised (Fig. 2F, p < 0.0001, F(7,88) = 12.26).
Nonetheless, AF3581 significantly reversed the declining grooming,
bringing quickly the performance close to normal (p < 0.0001,
F(1,84) = 22.09).

3.2.3. Plasma corticosterone levels
Increased plasma corticosterone levels are an index of stress and

measure of this index was carried out at the end of the CMS study (12 h
after the last AF3581 administration).

As shown in Fig. 3A and B, regardless the protocol used (i.e. pre-
ventive or therapeutic), CMS caused a stable increase of corticosterone
level in no treated mice (p=0.0002; F(1,28) = 1804).

AF3581 had no effect on corticosterone levels in NO CMS mice
suggesting an absence of unwanted sedative action per se (Fig. 3A and
B), but it prevents the increase of plasma corticosterone levels in
stressed mice in the preventive (p < 0.001; F(1,28) = 26.88 in Fig. 3A)
and in the therapeutic (p=0.0192; F(1,26) = 6.237 in Fig. 3B) proto-
cols. Since AF3581 is devoid of sedative effect, this result was inter-
preted as the consequence of the prevention of CMS-induced lowered
mood.

3.2.4. Hippocampal BDNF levels
Hippocampal BDNF content is taken as a marker of neurogenesis

and was measured at the end of the CMS study, 12 h after the last
AF3581 administration. As previous reported [17], different chronic
mild stress protocols induce a decline of hippocampal BDNF levels. As
shown in Fig. 3C, AF3581, administrated either at the beginning of the
trial (preventive protocol) or 3 weeks from the beginning of CMS pro-
tocol (therapeutic protocol) was able to reverse the BDNF content de-
cline due to the CMS procedure in a statistically significant manner
(p=0.0009, F(1,40) = 12,88, preventive protocol; p=0.0265,
F(1,47) = 5.245, therapeutic protocol). Moreover, in mice receiving both
preventive and therapeutic AF3581 administration, a trend of increased
BDNF content was observed in NO CMS mice although the effect was
not significant.

3.3. Resident intruder test

Resident intruder test started with 6 weeks of total isolation. After
this period, the resident mouse was exposed to an unknown intruder
mouse for a test time of 600 s. As shown in Fig. 4, during the test time, a
non-treated mouse spent about half of the time ignoring the intruder
(350–400 seconds), while the remaining time was spent to engage in-
teraction with the intruder.

The distribution of the interaction time between resident and in-
truder in non-drug treated resident mice was as follows:

• quiet and friendly social interaction for about 150 s (Fig. 4A and E),

• in the remaining time, some non-natural hostile behaviors such as
abnormal aggressiveness and attacks towards the intruder accom-
panied by strong fighting were seen against the intruder that nor-
mally would have not occurred (Fig. 4B–D, F–H).

When resident mouse received lithium mixed with food starting
from the beginning of the isolation period (average daily intake of
10mg/kg), a profound redistribution in the time spent interacting with
the intruder was observed. In fact, as reported in Fig. 4, mice showed
reduction of aggressiveness behavior as indicated by a low number of

Fig. 2. Effect of AF3581 administration on Chronic Mild Stress-induced de-
crease of sucrose consumption in mice (anhedonia) and reduction of grooming
in the splash test (loss of self-esteem). Mice (n= 8) were exposed to a Chronic
Mild Stress protocol for 6 weeks. The following experimental groups were in-
cluded: (A; D) fluoxetine preventive treatment. The compound was adminis-
tered once a day at 16mg/kg i.p. starting from day 0; (B, E) AF3581 preventive
treatment. The compound was administered twice a day at 10mg/kg p.o.
starting from day 0; (C, F) AF3581 therapeutic treatment. The compound was
administered twice a day at 10mg/kg p.o. starting at week 3. *p < 0.05,
**p < 0.01, ***p < 0.001 vs NO CMS+veh.
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attacks (t-test p=0.042; t(17) = 2.200; Fig. 4C) and very little time
spent for each attack (t-test p=0.0329; t(17) = 2.322; Fig. 4B). Inter-
estingly, the effect of lithium was highly specific on aggressiveness
since no reduction of quiet social interaction was observed (Fig. 4A).
This latter finding and the missing effect of lithium on latency of first
attack, indicates that, at least at this dose, lithium does not display
unwanted sedative effects (i.e. sedation and anti-aggressiveness effects
can be split).

In this model, AF3581 could not be administered by oral route by
using the classical gavage protocol because this would require animal
manipulation, thus causing a severe violation of the 6 weeks isolation
protocol. Therefore, the compound was diluted in the drinking water up
to a final concentration of 90mg/l, corresponding to a final oral dosing
of about 20mg/kg/day (based on the average daily water consump-
tion). Parallel pharmacokinetic studies confirmed that this AF3581 re-
gimen of administration can provide drug exposure coverage for 24 h as
well as brain concentrations enough to achieve GSK-3β engagement
(data not shown). Finally, side measurements confirmed that at this
concentration AF3581 did not affect regular water intake (data not
shown).

As shown in Fig. 4 and similarly to lithium, AF3581 dissolved in the
drinking water provided a reduction of time spent in hostile behavior
towards the intruder (t-test p=0.0268; t(17) = 2.424; Fig. 4F). This was
accompanied by a reduction of the number of attacks although the ef-
fect was not significant (p=0.07, Fig. 4G).

As for lithium, the effect of AF3581 administration had no effect on
positive social interaction thus suggesting specificity on aggressiveness
(Fig. 4E); at the same time our compound does not display unwanted
sedative effects, as demonstrated by the absence of effect on latency to
first attack (Fig. 4H).

3.4. GSK-3β engagement

In vivo induction of pSer9-GSK-3β expression was taken as index of
GSK-3β target engagement by AF3581. Hippocampal content of Total
GSK-3β and pSer9-GSK-3β was measured with a specific enzyme-linked
immunosorbent assay (ELlSA). As shown in Fig. 5, when AF3581 was
given at increasing concentrations, an increase of pSer9-GSK-3β /Total
GSK-3β RATIO was observed even at a dose as low as 0.3mg/kg.
However, the first statistical significant difference was seen at 3mg/kg
and confirmed at 10mg/kg. At 30mg/kg the RATIO was more than
double compared to vehicle alone (p < 0.0001; F(5,29) = 10.50, ).
Since no change of total GSK-3β expression was observed this difference
must be entirely due to changes of pSer9 form indicating target en-
gagement.

4. Discussion

The present study was planned/designed and carried out to fully
explore the therapeutic potential of the potent and selective GSK-3β
inhibitor AF3581 in BDs. The compound was originated from our pre-
vious medicinal chemistry effort on GSK-3β inhibitors [13] and re-
presents a significant improvement of druggability over the existing in
view of its high plasma stability and overall drug-like properties.

Due to the experimental limitations to mimic the complex human
disease condition in a single model, AF3581 was studied separately on
the two main disease features of BDs, i.e. depression and hyperactivity
(aggressiveness) by using different models mimicking the two different
phases.

The first main finding of the study is the capacity of the GSK-3β
inhibitor AF3581 to fully prevent CMS induced anhedonia (down
phase). This protection was observed in two protocols: CMS induced

Fig. 3. Effect of AF3581 administration on
plasma corticosterone and hippocampal BDNF
levels during Chronic Mild Stress. Mice (n= 8)
were exposed to a Chronic Mild Stress protocol
for 6 weeks. Plasma corticosterone levels (A,
preventive treatment and B, therapeutic treat-
ment) and hippocampal BDNF content (C) were
measured at week 6 when all the behavioral
assays were concluded. Basal BDNF in vehicle
treated animals was 50–60 pg/mg prot.
AF3581 was given orally at the dose of 10mg/
kg twice a day starting from Day 0 (preventive
protocol) or at week 3 (therapeutic protocol).
***p < 0.001, **p < 0.01 vs veh+NO CMS;
°°p < 0.01, °p < 0.05 vs veh+CMS.
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reduction of sucrose consumption in the Sucrose Preference Test (loss of
pleasure) and reduced grooming behavior in the Splash Test (loss of
self-esteem).

Moreover, it is worth stressing that a significant effect of AF3581 on
CMS induced behavior was seen also when compound was administered
after the CMS procedure start and anhedonia was already in place
(therapeutic effect). Remarkably, AF3581 not only halted disease de-
velopment, but also reverted mice anhedonia bringing back to normal
state the affected behavioral performance (normalization effect).

Interestingly, we found that CMS decreases the hippocampal con-
tent of BDNF (index of decreased neurogenesis) and increases plasma
corticosterone (index of anxiety).

In the prevention protocol AF3581 blocked the dysregulation of
both indexes as well as it reversed BDNF decrease in the therapeutic
protocol (corticosterone was not measured).

Therefore, it can be inferred that AF3581 normalizes the depressive
state by decreasing anxiety and possibly reactivating neurogenesis
being the former a cause and the latter a consequence of the depressive
state [18,19].

A second main result was that the GSK-3β inhibitor AF3581 reduced
the aberrant hostile behavior towards intruder following long lasting
isolation (up phase).

The aggressive behavior is a phenotype that can be associated to the
manic phase of BDs (up phase). The prolonged administration of both

AF3581 and lithium significantly reduced the aggressiveness of the
resident against the intruder mice suggesting a potential for AF3581 as
anti-manic effect.

Interestingly, the effect of AF3581, and also lithium, was specifi-
cally directed towards the attack phase without influencing the normal
social behavior. This suggests that observed effect of both drugs is
specific to aggressiveness and is not related to a non-specific sedative
effect.

A third important finding was that the efficacy of AF3581 in the
different models was always comparable to that of fully effective doses
of the reference drugs used, fluoxetine and lithium, respectively. This is
an extremely important observation because such a profile suggests a
global stabilizing efficacy of AF3581 on both symptoms. In this respect,
the compound is superior to current medications. For example, lithium
(the most common drug stabilizer currently used) is, indeed, pre-
ferentially on the high mood phase only (antimanic).

A fourth important finding was that in the range of doses associated
to the observed pharmacological activity, AF3581 fully engaged hip-
pocampal GSK-3β at doses consistent with its in vivo efficacy.

Since the efficacy of drugs is strictly dependent upon the interaction
with their molecular target, we dedicated efforts to study the link be-
tween in vivo efficacy of AF3581 and central GSK-3β and, to this pur-
pose, in vivo content of pSer9-GSK-3β was measured. pSer9-GSK-3β is
an inactive form of the native enzyme. An increased tissue content of
pSer9 further to inhibitor treatment indicates a reduced enzymatic ac-
tivity due to a molecular rearrangement following the inhibitor inter-
action with the target protein. Therefore, we assumed that an increased
expression of pSer9 form is an indication of GSK-3β engagement by
AF3581.

The mechanism by which GSK-3β inhibition could be effective in
bipolar disorders is still rather unclear. Under resting conditions, the

Fig. 4. Effects of repeated assumption of lithium and AF3581 on mice aggres-
siveness in the Resident Intruder model. Mice (n=10) were isolated for 6
weeks. During this time, they received standard diet only (vehicle) or mixed
diet with (A–D) 2.4 g/kg/day of LiCo3 (based on food consumption) and (E–H)
20mg/Kg/day of AF3581 (based on water consumption). Test time was 600 s.
(A, E) time spent in positive interaction; (B, F) number of attacks; (C, G) time
spent in hostile behavior during each attack; (D, H) time spent ignoring each
other. **p < 0.01, *p < 0.05 vs vehicle treated mice.

Fig. 5. pSer9-GSK-3β expression after treatment with AF3581. Elisa analysis
after AF3581 administration at 0,3, 1, 3,10, 30mg/kg p.o. *p < 0.01,
**p < 0.01 vs vehicle.
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GSK-3β system is tightly controlled (inhibited) by several upstream
regulators such as the monoaminergic signaling. There is now a shared
opinion that a reduction of upstream inhibition can disinhibit GSK-3β
activity leading to disease. Serotonin has been reported to have a role in
maintaining GSK-3β inhibition, thus serotonin deficiency, as in de-
pression, can led to increased GSK-3β activity (reduced inhibitory
input), which could favor the susceptibility to depression.

A key finding supporting the role of serotonin is that serotonin-de-
ficient mice have depressive type [20]. Similarly, excessive dopami-
nergic input inhibits the Akt pathway (an additional upstream
pathway) that normally keeps GSK-3β inhibited. Thus, an excess of
dopamine, as it may occur in the up phase, can indirectly led to in-
creased GSK-3β activity via disinhibition of the Akt pathway [21].

In this respect, genetically altered mice with an Akt resistant form of
GSK-3β, display decreased anxiety, depressive type behaviors, hyper-
activity and enhanced curiosity in various experimental conditions,
affording a replicable model of mania [21].

In conclusion, BDs remain an area of large unmet medical need.
Research in the field is still very active, but lithium remains the most
clinically used molecule so far. In the present study, we have demon-
strated that AF3581, a novel potent and selective GSK-3β inhibitor, has
a therapeutic potential in bipolar disorders. This compound shows ef-
ficacy not only in in vivo models mimicking the up phase, but also in
those endowed with behavioral characteristics typical of the down
phase, where lithium efficacy is lacking. For this reason, AF3581 could
become a promising candidate of a new class of drugs active on bipolar
disorders
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