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Abstract

Although guanosine is an endogenous nucleoside that displays antidepressant-like properties in several animal models, the
mechanism underlying its antidepressant-like effects is not well characterized. The present study aimed at investigating the
involvement of ERK/GSK-3[3 and Nrf2/HO-1 signaling pathways in the antidepressant-like effect of guanosine in the mouse
tail suspension test (TST). The immobility time in the TST was taken as an indicative of antidepressant-like responses and the
locomotor activity was assessed in the open-field test. Biochemical analyses were performed by Western blotting in the hippo-
campus and prefrontal cortex (PFC). The combined treatment with sub-effective doses of guanosine (0.01 mg/kg, p.o.) and
lithium chloride (a non-selective GSK-3f3 inhibitor, 10 mg/kg, p.0.) or AR-A014418 (selective GSK-3[3 inhibitor, 0.01 pg/site,
i.c.v.) produced a synergistic antidepressant-like effect in the TST. The antidepressant-like effect of guanosine (0.05 mg/kg, p.o.)
was completely prevented by the treatment with MEK1/2 inhibitors U0126 (5 pg/site, i.c.v.), PD98059 (5 ug/site, i.c.v.), or zinc
protoporphyrin IX (ZnPP) (HO-1 inhibitor, 10 pg/site, i.c.v). Guanosine administration (0.05 mg/kg, p.o.) increased the
immunocontent of [3-catenin in the nuclear fraction and Nrf2 in the cytosolic fraction in the hippocampus and PFC. The
immunocontent of HO-1 was also increased in the hippocampus and PFC. Altogether, the results provide evidence that the
antidepressant-like effect of guanosine in the TST involves the inhibition of GSK-3f3, as well as activation of MAPK/ERK and
Nrf2/HO-1 signaling pathways, highlighting the relevance of these molecular targets for antidepressant responses.
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Introduction

Major depressive disorder (MDD) is currently considered the
main cause of disability worldwide and is associated with high
morbidity and mortality [1-3]. Despite the severity and the
high prevalence of this psychiatric disorder, and the great ef-
forts that have been done to improve its treatment, its pharma-
cotherapy still has several limitations. The delay for the remis-
sion of the depressive symptoms (usually 3—4 weeks after the
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onset of treatment), the low efficacy (almost 30% of patients
do not show a complete remission of the symptoms after
chronic antidepressant treatment), and the side effects associ-
ated with treatment constitute the main drawbacks of antide-
pressant pharmacotherapy [4, 5]. Considering these draw-
backs, the investigation of novel antidepressant agents and
the characterization of the molecular signaling pathways un-
derlying their effects are needed [6].

Although the pathophysiology of MDD is not fully eluci-
dated, it has been recognized that several signaling pathways
play a significant role in the development of depressive symp-
toms. The nuclear factor (erythroid-derived 2)-like 2 (Nrf2)/
heme oxygenase-1 (HO-1), an important antioxidant pathway,
has been implicated in depressive-related behaviors and in the
mechanism underlying antidepressant responses. Basically,
under basal conditions, Nrf2 is associated with the repressor
Kelch-like ECH associated protein 1 (Keap-1) that binds to
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Nrf2 and prevents its translocation to the nucleus [7, 8]. Under
oxidative stress conditions, Nrf2 is phosphorylated and the
Keap-1/Nrf2 complex dissociates, releasing Nrf2, which in
turn moves to the nucleus, where it binds at a specific region
of DNA inducing the expression of target cytoprotective
genes, including HO-1 [9-12]. HO-1 is an inducible enzyme
with well-established antioxidant properties contributing to
defensive mechanism for neurons exposed to oxidant chal-
lenges [11].

Some signaling pathways that regulate neuroplasticity
and cellular survival have been associated with Nrf2
activation such as mitogen-activated protein kinases
(MAPKSs), extracellular signal-regulated kinase (ERK),
and phosphatididylinositol 3-kinase (PI3K)/protein ki-
nase B (Akt) [13-15]. Other signaling pathway associ-
ated with Nrf2 activation is glycogen synthase kinase-3
(GSK-3f) [16]. The activation of this enzyme has been
related with the pathogenesis of mood disorders includ-
ing MDD [17-20]. On the other hand, inhibition of
GSK-3p by phosphorylation at Ser’ has been implicated
in the mechanism underlying the fast antidepressant re-
sponses [21]. The GSK-3f3 activation is involved in f3-
catenin stability, since GSK-3f3 activation leads to [3-
catenin degradation by ubiquitination. On the other
hand, GSK-3f inhibition stabilizes [3-catenin causing
its accumulation in the cytosol followed by its translo-
cation to the nucleus which results in the expression of
genes related to synaptic plasticity and neurogenesis
[22, 23]. p-Catenin has been implicated in MDD since
the Wnt/-catenin signaling could, at least in part, be
responsible for neuronal adaptations necessary for the
therapeutic action of antidepressant treatments [24].

Our group has investigated guanosine, a purine nucle-
oside, as a putative endogenous antidepressant. Guanosine
is considered a neuromodulator that is released mainly by
astrocytes under normally physiological conditions but
mostly under injury conditions [25, 26]. Guanosine is able
to reduce neuroinflammation, oxidative stress, and
excitotoxicity, besides exerting trophic effects in neuronal
and glial cells [26]. Previous studies performed by our
group showed that the administration of this nucleoside
causes an antidepressant-like effect in the tail suspension
test (TST) and forced swimming test (FST) by activating
the PI3K/mTOR signaling pathway [27], which is associ-
ated with neuroplasticity and cellular survival [13]. In
addition, guanosine prevented the depressive-like behav-
ior and hippocampal oxidative imbalance in animals sub-
jected to acute restraint stress [28]. Considering that gua-
nosine has antioxidant properties which may be related to
its antidepressant effects, this study aimed at investigating
the role of GSK-3(3, MAPK/ERK, and Nrf2/HO-1 signal-
ing pathways in the antidepressant-like effect of guano-
sine in the mouse TST.
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Methods
Animals

Adult female Swiss mice (3 months, 3040 g) provided by the
animal facility of the University of Santa Catarina
(Florianopolis, Brazil) were used. The animals were main-
tained at 20-22 °C with free access to water and food, under
a 12:12-h light/dark cycle, with lights on at 7:00 a.m. Mice
were caged in groups of 12 in a 41 x 34 x 16 cm cage. The
cages were placed in the experimental room for acclimatiza-
tion 24 h before the tests and manipulations were carried out
between 9.00 a.m. and 5.00 p.m. All procedures were per-
formed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and all
experiments were performed after approval of the protocol by
the Ethics Committee of the Institution (00795 and
7485180518 protocols). All efforts were made to minimize
animal suffering and to reduce the number of animals used.

Drugs and treatment

The following drugs were used: guanosine, lithium chloride,
AR-A014418, U0126, PD98059, and zinc protoporphyrin IX
(ZnPP). All drugs were obtained from Sigma Chemical Co.
(St. Louis, USA). Guanosine and lithium chloride were dis-
solved in distilled water and were given orally by gavage. AR-
A014418, U0126, PD98059, and ZnPP were dissolved in a
final concentration of 0.1% dimethyl sulfoxide in saline and
were administered by intracerebroventricular (i.c.v.) route, in a
volume of 5 ul per site. The i.c.v. injections were performed
by employing a “free hand” method according to the proce-
dure previously described [29, 30]. Briefly, a 0.4-mm external
diameter hypodermic needle attached to a cannula, which was
linked to a 25-ul Hamilton syringe, was inserted perpendicu-
larly through the skull (no more than 2 mm into the brain of
each mouse). The drugs were then administered into the left
lateral ventricle. The injection was given over 30 s, and the
needle remained in place for another 30 s in order to avoid the
reflux of the substances injected. The injection site was 1 mm
to the left from the mid-point on a line drawn through to the
anterior base of the ears. I.c.v. injections were performed by an
experienced investigator, and after brain dissection, the suc-
cess of injection was examined, macroscopically, discarding
results from mice presenting misplacement of the injection site
or any sign of cerebral hemorrhage (< 5%).

Behavioral tests
Tail suspension test

The total duration of immobility induced by tail suspension
was measured according to a method previously described
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[31]. The animals were suspended 50 cm above the floor by
adhesive tape placed approximately 1 cm from the tip of the
tail. Mice were considered immobile only when they hung
passively and completely motionless. Immobility time was
manually recorded during a 6-min period by an experienced
observer. The observer was blind to the animal condition.

Open-field test

In order to investigate the effects of guanosine on locomotor
and exploratory capacity, mice were submitted to the open-
field test (OFT) 10 min after the TST. The parameters ana-
lyzed were number of crossings, distance traveled, speed, la-
tency to exit the first quadrant, immobility, time and number
of entries in center, number of rearings, and total time spent
grooming. Tests were recorded using a digital video camera
(Logitech HD webcam C525, CA, USA) and analyzed using
the ANY-maze video-tracking system (Stoelting Co., Wood
Dale, IL, USA), as previously described [32]. In the experi-
ments in which guanosine and pharmacological agents were
administered together, only the number of crossings in the
OFT was registered, as previously described [33]. The appa-
ratus consisted of a wooden box measuring 40 x 60 x 50 cm
high. The floor of the arena was divided into 12 equal squares.
The number of squares crossed with all paws (crossing) was
counted during a 6-min session. The apparatus was cleaned
with a solution of 10% ethanol between tests in order to hide
animal clues.

Experimental design

In a first set of experiments guanosine (0.05 mg/kg, p.o.) or
vehicle was administered to mice 60 min before the TST. Ten
minutes after the TST, behavioral parameters were registered
in the OFT, as indicated in the OFT section.

In order to investigate if the antidepressant-like effect of
guanosine in the TST is mediated by the inhibition of GSK-
33 activity, mice were treated with a sub-effective dose of
guanosine (0.01 mg/kg, p.o.) or vehicle and immediately after,
a sub-effective dose of lithium chloride (a non-selective GSK-
3f3 inhibitor, 10 mg/kg, p.o.) or vehicle was administered.
After 60 min of these treatments, the TST was carried, follow-
ed by the OFT. The dose of lithium chloride was chosen based
on a study by Cunha et al. [34] which reported that it is effec-
tive in the TST when administered at a dose of 30 mg/kg,
whereas a dose of 10 mg/kg produces no effect in this test.

In another set of experiments, mice were treated with a sub-
effective dose of guanosine (0.01 mg/kg, p.o.) or distilled
water and after 45 min, they were injected with a sub-
effective dose of the selective GSK-3f3 inhibitor, AR-
A014418 (0.01 pg/site, i.c.v.), or vehicle. After 15 min, ani-
mals were submitted to the TST and OFT. In another set of
experiments, guanosine was administered (0.05 mg/kg, p.o.)

and after 60 min, the hippocampus and PFC were dissected
and processed for Western blotting to verify the
immunocontent of (3-catenin in both structures. The dose of
AR-A014418 was chosen considering that a previous study
showed that its administration caused a reduction in the im-
mobility time in the TST at a dose of 1 pg/mouse, i.c.v.,
whereas it was not effective at 0.01 pg/mouse, i.c.v. [34].

To investigate if the antidepressant-like effect induced by
guanosine is mediated by MAPK, mice were treated with an
effective dose of guanosine (0.05 mg/kg, p.o.) or vehicle and
45 min after, U0126 (selective mitogen-activated protein ki-
nase kinase (MEK1/2) inhibitor, 5 pg/site, i.c.v.) or vehicle
was administered. After 15 min, the TST was carried out. In
another set of experiments, mice were treated with an effective
dose of guanosine (0.05 mg/kg, p.o.) or distilled water and
after 45 min, they received an effective dose of PD98059
(MEK1/2 inhibitor, 5 pg/site, i.c.v.) or vehicle. After 15 min,
the animals were submitted to the TST followed by OFT.
Given that Nrf2 can be activated by MAPK/ERK pathway,
in another set of experiments, mice were treated with guano-
sine (0.05 mg/kg, p.o.) and the Nrf2 immunocontent was an-
alyzed in the hippocampus and PFC by Western blotting. This
experimental protocol and the doses of U0126 and PD98059
were based on previous studies that indicate the effectivity of
these inhibitors to abolish the anti-immobility effect of several
compounds in the TST when administered at the same dose
employed in the present study without altering locomotor ac-
tivity of mice [35-37].

Finally, to evaluate the involvement of HO-1 activity in the
antidepressant-like effect of guanosine in the TST, mice re-
ceived an effective dose of guanosine (0.05 mg/kg, p.o.) or
vehicle and after 45 min, they were treated with ZnPP (HO-1
inhibitor, 10 pg/site, i.c.v) or vehicle [36]. After 15 min, the
animals were submitted to the TST followed by OFT. The
experimental protocol and the dose of ZnPP were based on
previous studies of our group [34, 37]. To examine if treatment
with guanosine may cause HO-1 increase, the immunocontent
of this protein was analyzed by Western blotting in the hippo-
campus and PFC 60 min after guanosine administration
(0.05 mg/kg, p.o.).

Sample preparation and Western blotting analysis

Mice were decapitated for quickly dissection of PFC and hip-
pocampus immediately after the behavioral tests, and the sam-
ples were placed in liquid nitrogen and stored at — 80 °C until
use. Samples were mechanically homogenized in 400 pl of
50 mM TRIS pH 7.0, | mM EDTA, 100 mM NaF, 0.1 mM
PMSF, 2 mM Na3VO04, 1% Triton X-100, 10% glycerol,
Sigma Protease Inhibitor Cocktail (P2714). Lysates were cen-
trifuged (10,000g for 10 min, at 4 °C) to eliminate cellular
debris. The supernatants were diluted 1/1 (v/v) in 100 mM
TRIS pH 6.8, 4 mM EDTA, 8% SDS and boiled for 5 min.
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Thereafter, sample dilution (40% glicerol, 100 mM TRIS,
bromophenol blue, pH 6.8) in the ratio 25:100 (v/v) and (3-
mercaptoethanol (final concentration 8%) were added to the
samples. Protein content was quantified using bovine serum
albumin as a standard [39]. The samples (containing 70 pg
protein/track) were separated by SD-PAGE using 10% gel and
the proteins were transferred to nitrocellulose membranes
using a semi-dry blotting apparatus (1.2 mA/cm?; 1.5 h). To
verify transfer efficiency process, membranes were stained
with Ponceau [40]. After the transfer process, membranes
were blocked with 5% bovine serum albumin in TRIS-
buffered saline for 60 min at room temperature and probed
via incubation with anti-HO-1 (Santa Cruz, 1:5000; diluted in
a TRIS-buffered saline solution contained 0.1% Tween 20).
Next, membranes were incubated with goat anti-mouse IgG
antibody, (H+L) HRP conjugate (Millipore, 1:2500) for
60 min, and the immunoreactive bands were developed using
a chemiluminescence kit (Amersham ECL Prime Western
Blotting Detection Reagent, GE Healthcare Life Sciences).
After blocking and incubation steps, membranes were washed
three times (5 min) with TRIS-buffered saline solution con-
taining 0.1% Tween 20. The expression level of a housekeep-
ing protein (3-actin was evaluated using a mouse anti-[3-actin
primary antibody (Cell Signaling, 1:5000) and mouse anti-
rabbit IgG-HRP: sc-2357 (Santa Cruz, 1:5000) secondary an-
tibody. Optical density of the bands was quantified using
Imagelab Software and the HO-1 immunocontent was deter-
mined based on the ratio between optical density of the HO-1
band and optical density of the 3-actin band. Results are pre-
sented as percentual of control (considered 100%).

To examine whether the antidepressant-like effect of gua-
nosine is associated with an increase in the immunocontents of
[3-catenin and Nrf2, mice were treated with guanosine
(0.05 mg/kg, p.o.) or vehicle and after 1 h, the TST was carried
out followed by OFT. Cytosolic and nuclear fractions were
subsequently prepared to investigate the possible translocation
of 3-catenin and Nrf2 from cytosol to the nucleus. Samples
were mechanically homogenized in 200 ul of buffer solution
(10 mM HEPES pH 7.9, 10 mM KCI, 2 mM MgCl,, | mM
EDTA, 2 mM Na3;VO,, 1% Triton X-100, Sigma Protease
Inhibitor Cocktail (P2714)) and were subsequently centri-
fuged (15,000g for 30 min, at 4 °C). The supernatants were
removed and stored (this is the cytosolic fraction). The pellet
was resuspended with buffer solution (20 mM HEPES pH 7.9,
50 mM KCI, 2 mM MgCl,, 420 mM NaCl, 1 mM EDTA,
2 mM Na3;VO,, 1% Triton X-100, 25% glycerol, Sigma
Protease Inhibitor Cocktail (P2714)). Samples were placed
on the sonicator for 2 min and sequentially vortexed for vig-
orous shaking, this process was repeated three times. After
extraction of the cytosolic and nuclear fractions, the samples
were subjected to the same procedures described for HO-1
detection. The samples containing 50 pug protein/track were
separated by SD-PAGE using 12% gel for Nrf2

@ Springer

immunocontent detection and 10% gel for [3-catenin
immunocontent detection. The incubation procedure was the
same as previously described for the detection of HO-1, using
anti-f3-catenin (Cell Signaling, 1:1000, diluted in a TRIS-
buffered saline solution contained 0.1% Tween 20) or anti-
Nrf2 (Santa Cruz, 1:1000; diluted in a TRIS-buffered saline
solution contained 0.1% Tween 20). Densitometric values in
the nuclear fraction were normalized using anti-Histone H3
antibody produced in rabbit (Cell Signaling, 1:1000) and in
the cytosolic fraction, [3-actin was used mouse anti-rabbit
IgG-HRP: sc-2357 (Santa Cruz, 1:5000) secondary antibody.
The immunocontent of the proteins was quantified by optical
density using Imagelab Software. The immunocontent of (3-
catenin was determined based on the ratio between optical
density of the (3-catenin band and optical density of the (3-
actin band (in cytosolic fraction) and ratio between optical
density of the [3-catenin band and optical density of the anti-
Histone H3 antibody band (in nuclear fraction). The Nrf2
immunocontent was determined based on the ratio between
optical density of the Nrf2 band and optical density of the 3-
actin band (in cytosolic fraction) and ratio between optical
density of the Nrf2 band and optical density of the anti-
Histone H3 antibody band (in nuclear fraction). Results are
presented as percentual of control (considered 100%).

Statistical analysis

All the statistical analyses were performed using
STATISTICA 7.0 software (StatSoft Inc., Tulsa, OK, USA).
Data are expressed as mean + S.E.M. Differences among ex-
perimental groups were determined by Student’s ¢ test or two-
way ANOVA followed by Newman-Keuls post hoc test when
appropriate. A value of p <0.05 was considered significant.

Results

Behavioral responses to guanosine in the TSC
and OFT

In order to confirm previous studies that show the
antidepressant-like effects of guanosine in the TST in mice
of either sex, guanosine was administered 1 h before the
TST. Fig. 1b shows that the administration of guanosine to
female mice decreased immobility time of mice in the TST 1 h
after its administration, without altering the number of cross-
ings (Fig. 1c), in agreement with the result previously shown
[27]. The representative tracking images of locomotor activity
from mice treated with guanosine or vehicle are shown in Fig.
1d. In addition, to reinforce the notion that the effects of gua-
nosine in the TST are not due to any unspecific effects on
overall activity which could potentially affect performance
in the TST, other parameters were assessed in the OFT, as
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Fig. 1 Effect of guanosine in the TST and OFT 1 h after its
administration. Timeline of experimental protocols of administrations
and behavioral tests (a). Effect of guanosine treatment in the immobility
time in the TST (#12)=3.35, p <0.01) (b) and number of crossings in the

shown in Table 1. The administration of guanosine caused no
alteration in distance traveled in the OFT, speed, the latency to
exit the first quadrant, immobility, total time in center, number of
entries in center, number of rearings, and total time of grooming.

Involvement of GSK-3f in the antidepressant-like
effect of guanosine in the TST

To test the hypothesis that the antidepressant-like effect of
guanosine in the TST is mediated through the inhibition of
GSK-3f3 activity, mice were administered with sub-effective
doses of guanosine and lithium chloride, a non-selective
GSK-3f3 inhibitor. Fig. 2¢ illustrates that the combined admin-
istration of these drugs caused a decrease in the immobility
time of mice in the TST, suggesting a synergistic
antidepressant-like effect. The number of crossings in the
OFT was not altered by any treatment (Fig. 2¢).

The inhibitor of GSK-33 AR-A014418 was used as a phar-
macological tool to reinforce the notion that guanosine causes
inhibition of GSK-33. The co-administration of sub-effective
doses of guanosine and AR-A014418 induced an

d Vehicle

Il Vehicle
[ Guanosine

OFT (#12)=—0.92, p=0.38) (c). Representative tracking images during
OFT (d). Values are expressed as mean + S.E.M. of 7 mice. **p <0.01
compared with the vehicle-treated control group

antidepressant-like effect in TST as compared with vehicle
and either drug alone (Fig. 2d). None of the treatments caused
alterations in the locomotor activity in the OFT (Fig. 21).

Guanosine increases -catenin immunocontent
in the hippocampus and PFC

To determine whether the administration of guanosine is
able to increase the levels of (3-catenin, a substrate for
GSK-33, Western blotting analyses were performed to
detect this protein in the hippocampus and PFC.
Guanosine was able to increase the immunocontent of
[-catenin in the hippocampus and PFC in nuclear frac-
tion without affecting immunocontent of this protein in
cytosolic fraction in both structures analyzed
(Fig. 3b, c). Conversely, statistical analysis revealed a
significant effect of the treatment with guanosine in
immunocontent of (-catenin in nuclear fraction in hip-
pocampus and PFC when compared to the control group
(Fig. 3d, e).

Table 1 Behavioral parameters
analyzed in the open-field test in

mice treated with guanosine
(0.05 mg/kg, p.o.) or vehicle

Vehicle Guanosine T values
Distance traveled (m) 13.80 + 3.60 15.69 + 2.73 ta2y=—0.42,p=0.68
Speed (mm/s) 0.03 £0.01 0.04 £ 0.01 t12=0.22,p=0.82
Latency to exit the first quadrant (s) 12.14 £ 1.10 14.00 + 1.93 tazy=—1.74,p=0.10
Immobility (s) 195.08 + 37.74 171.07 + 43.63 t12y=0.42, p=0.68
Total time in center (s) 2.14 £ 091 3.85+1.96 ta=—0.79, p=0.44
Number of entries in center 228 +£0.99 3.14 + 1.39 t12y=—0.50, p=0.62
Number of rearings 6.85 +2.89 6.71 + 1.89 t12y=0.04, p=0.97
Total time of grooming (s) 40.85 + 6.35 42.57 + 11.46 ta=—0.13,p=0.89
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Activation of MAPK in the antidepressant-like effect
of guanosine in the TST

To determine the influence of MEK1/2 inhibition on the
antidepressant-like effect of guanosine in the TST, mice were
treated with U0126 as shown in Fig. 4a. As illustrated in Fig.
4c, the antidepressant-like effect of guanosine was completely
prevented by the treatment of animals with U0126. No differ-
ences in the locomotor activity of mice in the OFT were ob-
served by any of the treatments (Fig. 4e). To confirm the role
of MEK1/2 activation in the anti-immobility effect of guano-
sine in the TST, mice were treated with PD98059, another
inhibitor of MEK1/2, as depicted in Fig. 4b. Figure 4d illus-
trates that the antidepressant-like effect of guanosine was also
completely prevented by treatment of mice with PD98059.
None of the treatments caused significant alterations in the
locomotor activity in the OFT, as shown in Fig. 4f.

Guanosine increases Nrf2 immunocontent
in the hippocampus and PFC

To test the hypothesis that Nrf2 is associated with the antide-
pressant responses elicited by the administration of guanosine,
Western blotting analyses were performed for determining
Nrf2 immunocontent in the hippocampus and PFC, as illus-
trated in Fig. Sa. Fig. 5b shows that the treatment with guano-
sine caused a significant increase in Nrf2 immunocontent in
the hippocampus of mice (cytosolic fraction), when compared
to the control group. A similar result was obtained in the
cytosolic fraction in the PFC, as shown in Fig. 5c.
Regarding nuclear fraction of Nrf2 in the hippocampus, the
one-way ANOVA revealed that treatment with guanosine did
not produce any alteration in this parameter in hippocampus
(Fig. 5d) and in the PFC (Fig. 5e).

Involvement of HO-1 in the antidepressant-like effect
of guanosine in the TST

Considering the elevated immunocontent of Nrf2 found in the
hippocampus and PFC and the association between increased
levels of Nrf2 and HO-1 activation, we decided to investigate
the participation of HO-1 in the antidepressant-like effect of
guanosine. The treatment with ZnPP (HO-1 inhibitor)
prevented the anti-immobility effect of guanosine in the
TST. As represented in Fig. 6b, post hoc analysis showed that
the antidepressant-like effect of guanosine was prevented by
treatment with ZnPP. The number of crossings in the OF T was
not altered by treatment with ZnPP alone or in combination
with guanosine (Fig. 6¢).

Guanosine treatment was able to increase the
immunocontent of HO-1 in hippocampus and PFC of mice
(Fig. 6e, f, respectively).
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Discussion

The antidepressant-like effect of guanosine was previously
demonstrated to be dependent on PI3K/Akt pathway activa-
tion [27]. However, the complete mechanisms regarding this
effect are not totally elucidated. In this context, the present
study further investigated this issue, showing that both the
inhibition of GSK-3f3 and activation of MAPK/ERK pathway
and Nrf2/HO-1 may be involved in the antidepressant-like
effect of guanosine in the TST.

In a previous study, we found that guanosine has
antidepressant-like effects in the TST when administered at
0.05, 0.1, and 0.5 mg/kg, p.o. [27]. For this reason, the dose
of 0.05 mg/kg guanosine was chosen in the present study. In
agreement with previous results [27], here, we show that the
administration of guanosine by oral route at this dose elicits
antidepressant-like effect in the TST in mice without altering
several locomotor and exploratory parameters in the OFT.
Considering that depression is more prevalent in women than
in men [41], in the present study, female mice were used,
whereas in the study by Bettio et al. [27], both male and
female mice homogeneously distributed into the groups were
used. Interestingly, it has been reported that brain levels of
guanosine are increased after its oral administration [42, 43],
raising the possibility that exogenous guanosine may impact
the CNS, where it can act as a neuromodulator and activate
different cellular targets [26].

The combined administration of sub-effective doses of
guanosine and the GSK-3f inhibitors (LiCl and AR-
A014418) induced a synergistic antidepressant-like effect in
the TST. The inhibition of GSK-3[3 has been suggested to be
involved in the behavioral responses of several putative anti-
depressants such as agmatine [44], atorvastatin [44, 45], and
creatine [46]. In addition, GSK-3f3 inhibitors have been
shown to elicit antidepressant-like effects in the TST and
FST [38, 47]. Further reinforcing the notion that GSK-33 is
implicated in the pathophysiology of MDD, it has been shown
that GSK-3(3 expression is increased in the hippocampus of
rodents subjected to the chronic mild stress (animal model of
depression) and in patients with MDD [48, 49]. Of note, GSK-
33 activation decreases {3-catenin stability leading to [3-
catenin degradation by ubiquitination [50]. (3-Catenin has
been related with pathophysiology of MDD [24] probably
because this protein participates on regulation of genes ex-
pression involved in synaptic plasticity and neurogenesis
[22, 23], events commonly associated with antidepressants-
like effects [21, 51]. When GSK-3{3 is active, it induces f3-
catenin degradation through the phosphorylation of this pro-
tein. In contrast, when GSK-3f3 is inactive, (3-catenin accu-
mulates in the cytosol and subsequently moves to the nucleus
[52]. Our results indicate that treatment with guanosine was
able to increase 3-catenin immunocontent (nuclear fraction)
in the hippocampus and PFC of mice. This result is similar to



Purinergic Signalling

0min 60 min 76 min

>

Guanosine TST OFT
(0.01 mg/kg, p.o.) (6 min) (6 min)

Lithium chloride

(10 mg/kg, p.o.)
Vehicle
C
2501
0
° 2004
£
=
2 *
E
[=]
£
E
Vehicle Lithium Chloride
e
100+
(2]
(=2
[ =
7
[}
e
o
-
o
S
[
el
[
=]
z

Vehicle

Lithium Chloride

Fig. 2 Involvement of GSK-3f3 in the antidepressant-like effect of gua-
nosine in the TST. Timeline of experimental protocols of administrations
and behavioral tests (a, b). Effect of treatment with sub-effective doses of
guanosine and lithium chloride in the immobility time in the TST (gua-
nosine treatment: F(; 54)=6.36, p <0.05; lithium chloride treatment:
F124y=1.09, p=0.30; guanosine treatment X lithium chloride interac-
tion: F(; 24)=9.15, p <0.01) (¢). Effects of treatment of mice with lithium
chloride and guanosine on the locomotor activity in the OFT (guanosine
treatment: F(; »4,=2.20, p =0.15; lithium chloride treatment: F; 4)=
1.95, p= 0.17; guanosine X lithium chloride interaction: F(; 4)=0.13,

the one that reported an increase in (3-catenin immunocontent
in the hippocampus of mice treated with L803-mts, an inhib-
itor of GSK-3f3 [53]. The increase in 3-catenin levels induced
by guanosine administration, together with the synergistic
antidepressant-like effect elicited by the combined administra-
tion of guanosine and LiCl or AR-A014418 suggests that the
antidepressant-like effect of guanosine is dependent on GSK-
33 inhibition.

Our results also indicate that the activation of MAPK/ERK
pathway may be implicated in the anti-immobility effect of
guanosine, since administration of either U0126 or PD98059
was able to abolish the antidepressant-like effect exerted by
guanosine in the TST. U0126 acts directly by inhibiting the
catalytic activity of the active MEK1 and blocks MEK1/2
activity, whereas PD098059 binds to MEK1 and MEK2,
preventing their activation by Raf kinase and, subsequently
inhibiting the activation of ERK1/2 [54, 55]. Similarly to

0 min 45 min 60 min 76 min
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p=0.72) (e). Effect of treatment with sub-effective doses of guanosine
and AR-A014418 in the immobility time in the TST (guanosine treat-
ment: Fj 53,=5.49, p < 0.05; AR-A014418 treatment: F(; 53)=1.22, p=
0.27; guanosine treatment X AR-A014418 interaction: F(; »4,=5.68, p
< 0.05) (d). Effects of pretreatment of mice with AR-A014418 and gua-
nosine on the locomotor activity in the OFT (guanosine treatment:
F128y=045, p=0.50; AR-A014418 treatment: F(; 55,=0.45, p=0.41;
guanosine X AR-A014418 interaction: £ »,=1.14, p = 0.29) (f). Values
are expressed as mean + S.E.M. of 7-8 mice. *p <0.05 compared with
the vehicle-treated control group

our results, the anti-immobility effect of zinc [56] and ursolic
acid [37] in the TST was also abolished by treatment with
MEK1/2 inhibitors. Several studies have indicated that
MAPK has the ability to stimulate the phosphorylation of
Nrf2 and consequently its translocation to the nucleus [57,
58]. In addition, MAPK inhibitors were reported to abolish
the effects of compounds that increase Nrf2 levels [59, 60].
Nrf2 is well-known to play an important role in defense
against oxidative stress since it induces the expression of an-
tioxidant genes [9]. Nrf2 can be activated by either MAPK/
ERK pathway activation or modulation of GSK-33/PI3K/Akt
signaling pathways [57, 58].

Considering the present results that suggest that the
antidepressant-like effect of guanosine is dependent on
GSK-3f inhibition and MAPK/ERK activation and also taken
into account the previous evidence of the participation of
PI3K/Akt in the effect of guanosine in the TST [27], we
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Fig. 3 Guanosine increases [3- a

Western blotting
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hypothesized that Nrf2 may be implicated in the antidepres-
sant responses elicited by the administration of guanosine.
The relationship between Nrf2 and depression has been sug-
gested by several evidence. Nrf2 deletion has been associated
with depressive-like behavior and a reduction in serotonin and
dopamine levels in the PFC [12]. In addition, chronic admin-
istration of the Nrf2 activator sulforaphane in mice was able to
suppress the depressive-like behavior induced by LPS, an ef-
fect that was associated with increased levels of HO-1 in the
hippocampus [12]. Here, we showed that the acute

@ Springer

administration of guanosine increased hippocampal and corti-
cal Nrf2 in the cytosol. This result suggests that the activation
of Nrf2 pathway is likely required for the antidepressant-like
effect of guanosine. However, in the present study, increased
levels of Nrf2 were observed in the cytosol but not in the
nucleus. Some hypothesis may be raised to account for this
result. One possibility is that due to high Nrf2 turn over [61,
62], it is more difficult to detect alteration of this protein in the
nucleus than in the cytosol. It is also possible that higher
guanosine doses and/or time elapsed between guanosine
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Fig. 4 Involvement of MAPK in the antidepressant-like effect of guano-
sine in the TST. Timeline of experimental protocols of administrations
and behavioral tests (a, b). Effects of pretreatment of mice with U0126 on
the anti-immobility effect of guanosine in TST (guanosine treatment:
F124y=3.86, p=0.06; U0126 treatment: F(; »4,=16.83, p< 0.01; gua-
nosine treatment x U0126 interaction: F(; 4)=13.37, p< 0.05) (¢).
Effects of pretreatment of mice with U0126 and guanosine on the loco-
motor activity in the OFT (guanosine treatment F(; »4)=0.41, p =0.52;
U0126 treatment £ »4)=3.49, p=0.07; guanosine x U0126 interaction
F124y=0.79, p=0.38) (e). Effects of pretreatment of mice with PD98059

administration and Western blotting analysis would be neces-
sary to detect translocation of Nrf2 to the nucleus. In line with
this assumption, it was reported that the fast-acting antidepres-
sant ketamine increased nuclear translocation of Nrf2 in
RAW264.7 cells in a concentration-dependent manner, so that
at low ketamine concentration, a higher Nrf2 levels were
found in the cytosol, whereas at higher concentrations of ke-
tamine, this protein was detected in the nucleus [63]. Another
possibility that should be considered regarding the increase in
Nrf2 observed in the present study is that Nrf2 has moved to
the nucleus, caused gene transcription, and was subsequently
exported to the cytosol. Indeed, it has been proposed that
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on the anti-immobility effect of guanosine in TST (guanosine treatment:
F124)=1.60, p<0.05; PD98059 treatment: F; »4)=8.22, p < 0.01; gua-
nosine treatment x PD98059 interaction: F(; »4y=5.38, p< 0.05) (d).
Effects of pretreatment of mice with PD98059 and guanosine on the
locomotor activity in the OFT (guanosine treatment: Fj 24)=0.22, p=
0.64; PD98059 treatment F(; 4y=3.21, p=0.09; guanosine x PD98059
interaction: F(j 24y=0.13, p=0.71) (). Values are expressed as mean +
S.E.M. of 7 mice. **p <0.01 compared with the vehicle-treated control
group, ##p <0.01 compared with the group treated with guanosine +
vehicle

Keapl can enter the nucleus and escorts Nrf2 out to the cyto-
plasm for degradation under stress conditions [64—66].
Considering that Nrf2 activation has a critical role to in-
crease HO-1 transcription [67] and to further investigate the
involvement of Nrf2/HO-1 pathway in the behavioral effect of
guanosine in the TST, we evaluated the ability of ZnPP, a
widely used HO-1 inhibitor, to reverse the anti-immobility
effect of guanosine in the TST. Here, we showed that that
the antidepressant-like effect of guanosine was completely
abrogated by ZnPP administration, suggesting that activation
of HO-1 is possibly required for the antidepressant-like effect
of guanosine. These data are in agreement with the reported
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ability of guanosine to have neuroprotective effects against
different insults through activation of the HO-1 pathway [68,
69]. Further reinforcing this assumption, guanosine induced
an increase in HO-1 immunocontent in the hippocampus and
PFC. The activation of HO-1 has been reported to be required
for the behavioral responses of several compounds with anti-
depressant activity such as ascorbic acid, creatine, and zinc
[34, 36, 38]. In addition, a study demonstrated that a model
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of familial hypercholesterolemia that induces a depressive-
like behavior is associated with a decrease in mRNA HO-1
in the hippocampus of mice [70]. The importance of HO-1 for
the pathophysiology of depression is also indicated by clinical
reports showing that patients with MDD have decreased HO-1
in red blood hemolysates or serum [71, 72]. Moreover, the
severity of depressive symptoms was found to be inversely
associated with serum HO-1 levels [72].
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Fig. 6 Involvement of HO-1 in the antidepressant-like effect of guano-
sine in the TST. Timeline of experimental protocols of administrations
and behavioral tests (a). Effects of pretreatment of mice ZnPP (HO-1
inhibitor) on the anti-immobility effect of guanosine in TST (guanosine
treatment: F(j 4)=0.50, p=0.48; ZnPP treatment: F(; ,4,=16.84,
p<0.01; guanosine treatment x ZnPP interaction: F(j 54y=11.19,
p<0.05) (b). Effects of treatment of mice with ZnPP and guanosine on
the locomotor activity in the OFT (guanosine treatment: F 54)=3.34,
p=0.07; ZnPP treatment: F(; »4y=0.06, p=0.79; guanosine x ZnPP

In summary, we demonstrated herein that guanosine is ca-
pable of exerting antidepressant-like effects by modulating
several signaling pathways involved in neuroprotective
effects.
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interaction: Fj 24y=0.004, p=0.98) (¢). Results are expressed as mean
+ SEM (n=7). *p<0.05 compared with the vehicle-treated control
group, ##p <0.01 compared with the group treated with guanosine +
vehicle. Timeline of the experimental protocol (d). Immunocontent of
HO-1 in the hippocampus (#10)=—2.32, p <0.05) (e) and PFC (¢,0,=
—2.76, p < 0.05) (f) of mice. Results are presented as percentual of control
(considered 100%) and are expressed as mean + S.E.M. (n=06).
*p < 0.05; guanosine-treated-group compared with the vehicle-treated

group

Conclusions

In conclusion, our results demonstrated that the
antidepressant-like effect induced by guanosine in the TST
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involves the modulation of MAPK/ERK and GSK-3[3/3-ca-
tenin pathway. Additionally, the activation of NRf2/HO-1 sig-
naling pathway may be also related to the anti-immobility
effect of guanosine in the TST. The present study reinforces
the notion that the antioxidant properties of guanosine may
contribute to its antidepressant-like effect.
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