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Abstract Inosine is a purine nucleoside formed by the break-
down of adenosine that elicits an antidepressant-like effect in
mice through activation of adenosine A; and A,4 receptors.
However, the signaling pathways underlying this effect are
largely unknown. To address this issue, the present study in-
vestigated the influence of extracellular-regulated protein ki-
nase (ERK)1/2, Ca**/calmoduline-dependent protein kinase
(CaMKII), protein kinase A (PKA), phosphoinositide 3-
kinase (PI3K)/Akt, and glycogen synthase kinase 3beta
(GSK-33) modulation in the antiimmobility effect of inosine
in the tail suspension test (TST) in mice. In addition, we
attempted to verify if inosine treatment was capable of altering
the immunocontent and phosphorylation of the transcription
factor cyclic adenosine monophosphatate (CAMP) response-
binding element protein (CREB) in mouse prefrontal cortex
and hippocampus. Intracerebroventricular administration of
U0126 (5 nug/mouse, MEK1/2 inhibitor), KN-62 (1 png/
mouse, CaMKII inhibitor), H-89 (1 pg/mouse, PKA inhibi-
tor), and wortmannin (0.1 pg/mouse, PI3K inhibitor)
prevented the antiimmobility effect of inosine (10 mg/kg, in-
traperitoneal (i.p.)) in the TST. Also, administration of a sub-
effective dose of inosine (0.1 mg/kg, i.p.) in combination with
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a sub-effective dose of AR-A014418 (0.001 pg/mouse, GSK-
3/ inhibitor) induced a synergic antidepressant-like effect.
None of the treatments altered locomotor activity of mice.
Moreover, 24 h after a single administration of inosine
(10 mg/kg, i.p.), CREB phosphorylation was increased in
the hippocampus. Our findings provided new evidence that
the antidepressant-like effect of inosine in the TST involves
the activation of PKA, PI3K/Akt, ERK1/2, and CaMKII and
the inhibition of GSK-3 3. These results contribute to the com-
prehension of the mechanisms underlying the purinergic sys-
tem modulation and indicate the intracellular signaling path-
ways involved in the antidepressant-like effect of inosine in a
preclinical test of depression.

Keywords Inosine - Depression - Signaling pathways -
Protein kinases - CREB

Introduction

Major depressive disorder (MDD) is a serious public health
problem, responsible for a profound negative impact on the
quality life of patients and a socioeconomic burden [1-3].
Despite all the efforts towards elucidating the neurochemical
alterations found in depressive patients, there is still a lack of
understanding about the molecular basis behind this disorder.
The current pharmacological therapy for MDD is not
completely effective since two thirds of patients did not re-
spond to the first prescribed drug and most antidepressants are
associated with several side effects [4, 5].

Several clinical and preclinical studies have demonstrated the
involvement of purinergic system in psychiatric disorders includ-
ing MDD [6-8]. Accordingly, adenosine receptors are able to
control cellular excitability and modulate several neurotransmis-
sion systems involved in behavioral, neurochemical, and
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endocrine alterations associated with MDD, such as dopaminer-
gic, serotoninergic, and glutamatergic systems [9, 10]. In addi-
tion, preclinical data have shown that modulation of adenosine
receptors induces antidepressant-like effects in behavioral despair
models in mice [11-14] and prevents depressive and anhedonic
behavior of mice submitted to chronic unpredictable stress [6].
Also, an increase in adenosine A, receptor expression in hip-
pocampal synapses was found in a depression-prone mouse
strain, and rats overexpressing adenosine A, receptors exhibit
a depressive, anhedonic, and anxious phenotype [15, 16].

Inosine is an endogenous purine nucleoside formed by
cleavage of adenosine in a reaction catalyzed by adenosine
deaminase (ADA) [17]. Even though few studies have fo-
cused on the physiological roles of inosine, there is a grow-
ing body of evidence suggesting that this nucleoside has
significant biological effects. It has been suggested that ino-
sine elicits neuroprotective effects in neurons and astrocytes
subjected to hypoxia, glucose-oxygen deprivation, and oxi-
dative damage [18, 19]; stimulates neurite outgrowth
in vitro [20]; and induces axonal outgrowth in vivo and
in vitro studies [21-25]. Moreover, systemic administration
of inosine causes antinociceptive, antiallodynic, and
antihyperalgesic effects in mice [26, 27]. Evidence from
clinical studies has suggested antioxidant and protective
properties of inosine in multiple sclerosis and Parkinson’s
disease patients [28-30]. Indeed, many of the behavioral
and neuroprotective effects of inosine were associated with
its ability to interact with different adenosine receptors. The
antinociceptive effect of inosine involves adenosine A; re-
ceptor direct activation, suggesting that this nucleoside can
act as adenosine A; receptor agonist [31]. Also, it was
recently demonstrated that inosine can bind and activate
A,a adenosine receptor [32]. Several works have shown
that inosine has immunomodulatory effects through adeno-
sine Aj receptor activation [33-35].

It was previously reported by our group that intraperitoneal
(i.p.) administration of inosine decreases the immobility time
in behavioral despair models of depression by a mechanism
dependent on the activation of adenosine A; and A,4 recep-
tors [36]. This antidepressant potential was further confirmed
by Muto et al. [20], showing that chronic administration of
inosine prevented the depressive-like effect in the forced
swimming test (FST) and the decreased cellular proliferation
in the dentate gyrus in mice subjected to chronic unpredictable
stress. A single administration of inosine was also able to
significantly increase extracellular-regulated protein kinase
(ERK) phosphorylation and the expression of brain-derived
neurotrophic factor (BDNF) in mouse hippocampus.
Furthermore, the inosine-induced increase on BDNF mRNA
was partially prevented by the pretreatment with adenosine A
receptor antagonist DPCPX, suggesting that adenosine A re-
ceptor activation could be involved in the increase of BDNF
expression induced by inosine in this model.
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Activation of different kinases can influence cyclic adeno-
sine monophosphatate (cAMP) response-binding element
protein (CREB) by phosphorylation at Ser-133, resulting in
expression of proteins related to cellular survival and
neuroplasticity such as BDNF [37, 38]. It is widely recognized
that changes in brain levels of BDNF are involved in the
physiopathology of depression and represent a key target im-
plicated in antidepressant responses. Notably, decreased
CREB activity is frequently observed in preclinical models
of depression and patients diagnosed with MDD [39, 40]
and restored after antidepressant treatment [41]. Some of the
kinases responsible for CREB activation are the protein kinase
A (PKA), Ca2+/calmoduline—dependent protein kinase
(CaMKII), phosphoinositide 3-kinase (PI3K), glycogen syn-
thase kinase 3 (GSK-3), and ERK1/2 [37, 38]. These enzymes
are important regulators of receptor—effector cascades and are
responsible for integrating signals between receptor activation
and gene expression. In this context, activation of adenosine
receptors may also modulate these signaling pathways [42,
43], prompting the hypothesis that these intracellular targets
may underlie the beneficial effects of inosine in preclinical
models of depression.

Taking into account that (i) inosine exerts an
antidepressant-like effect in mice [36]; (ii) there is some evi-
dence showing that inosine induces BDNF expression [20];
and (iii) the activation of CREB and modulation of MEK/
ERK1,2, PKA, CaMKII, PI3K/Akt, and GSK-3[3 are impor-
tant to the antidepressant responses [37, 38], this study was
undertaken to investigate whether systemic administration of
inosine is capable of increasing CREB phosphorylation and to
evaluate the involvement of intracellular signaling pathways
in the antidepressant-like effect of inosine in the tail suspen-
sion test (TST).

Materials and methods
Animals

Male Swiss mice (30-35 g) were provided by the Federal
University of Santa Catarina (UFSC, Brazil) breeding colony.
Animals were maintained at controlled temperature at 20—
22 °C with free access to water and food under a 12/12-h
light—dark cycle (lights on at 07:00 h). The cages were placed
in the experimental room for 24 h before the tests for acclima-
tization, and all manipulations were performed between 9:00
and 17:00 h. The procedures in this study were performed in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and all the experi-
mental protocols were approved by the Institutional Ethics
Committee (protocol number PP00772). All efforts were
made to minimize animal suffering and to reduce the number
of animals used in the experiments.
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Drugs and treatment

The following drugs were used: inosine, N-[2-(p-
bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide
(H-89), 4-[2-[(5-isoquinolinyl-sulfonyl) methylamino]-3-
0x0-3-(4-phenyl-1-piperazinyl) propyl] phenyl ester (KN-
62), U0126, wortmannin, and AR-A014418. All drugs were
obtained from Sigma-Aldrich Chemical Co., St. Louis, USA,
and dissolved in saline (0.9% NaCl) with dimethyl sulfoxide
(DMSO) at a final concentration of 1% DMSO and adminis-
tered by intracerebroventricular (i.c.v.) route, except inosine
that was dissolved in saline (0.9% NaCl) and administered by
intraperitoneal route (i.p.). The drugs were freshly prepared
before treatment and administered in a constant volume of 10-
ml/kg body weight (i.p. route) or 5-ul/mouse (i.c.v. route).
Control animals received the appropriate vehicle, and all the
doses were based on previous studies [36, 44, 45].

The i.c.v. injections were performed as previously de-
scribed [46, 47]. Briefly, a 0.4-mm-external-diameter hypo-
dermic needle attached to a cannula, which was linked to a
25-ul Hamilton syringe, was inserted perpendicularly through
the skull and no more than 2 mm into the brain of the mice. A
volume of 5 pul was 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. The asepsis of the injection site was carried
out using gauze embedded in 70% cthanol. To ascertain that
the drugs were administered exactly into the cerebral ventri-
cle, the brains were carefully dissected and examined macro-
scopically after the test. Results from mice presenting mis-
placement of the injection site or any sign of cerebral hemor-
rhage were excluded from the statistical analysis (less than 5%
of the total animals used).

Experimental design

In order to verify if the activation of MEK/ERK 1/2, PKA,
CaMKI], and PI3K/Akt are involved in the antidepressant-like
effect of inosine, mice were treated with specific inhibitors of
these enzymes 15 min before inosine (10 mg/kg, i.p.) admin-
istration. The following inhibitors were used: U0126 (5 pg/
mouse, MEK 1/2 inhibitor), KN-62 (1 png/mouse, CaMKII in-
hibitor), H-89 (1 pug/mouse, PKA inhibitor), and wortmannin
(0.1 png/mouse, i.c.v., PI3K inhibitor). In order to investigate if
the antidepressant-like effect of inosine is mediated by the
inhibition of GSK-3f3 activity, mice were treated with a sub-
effective dose of inosine (0.1 mg/kg, i.p.) or vehicle, and
15 min after, they were injected with a sub-effective dose of
AR-A014418 (0.001 pg/mouse, i.c.v., selective GSK-3f3 in-
hibitor) or vehicle. In all experiments, the TST was performed
30 min after inosine administration.

In another set of experiments, animals were treated with
inosine (10 mg/kg, i.p.) or vehicle, and 30 min or 24 h after
treatment, they were killed by decapitation and had their hip-
pocampi and prefrontal cortex dissected for neurochemical
analyses.

TST

The TST was performed according to the method previously
described [48]. Mice were suspended 50 cm above the floor
by adhesive tape placed approximately 1 cm from the tip of
the tail. The immobility time was manually recorded during a
6-min session, and mice were considered immobile only when
they hung passively and completely motionless [49-51].

Open-field test

Ten minutes after the TST, in order to rule out non-specific
motor effects that could influence the TST results, the loco-
motor activity was assessed in the open-field test (OFT) par-
adigm as previously described [52, 53]. The test was carried
out in a temperature and light-controlled room. Animals were
individually placed in a wooden box (40 x 60 x 50 cm) with
the floor divided into 12 rectangles. The numbers of squares
crossed with all paws (i.e., crossings) were counted in a 6-min
session. The arena floor was cleaned with 10% ethanol be-
tween tests in order to hide animal clues.

Western blotting

To quantify CREB phosphorylation and immunocontent,
western blotting analysis was performed as previously de-
scribed [47, 54, 55]. Animals were euthanized by decapita-
tion; brains were excised from the skull; and hippocampi and
prefrontal cortex were dissected into cold saline solution,
placed in liquid nitrogen, and then stored at —80 °C until
use. Briefly, samples were mechanically homogenized in
300 pl of 50 mM Tris (pH 7.0), 1 mM EDTA, 100 mM
NaF, 0.1 mM PMSF, 2 mM Na;VO,, 1% Triton X-100,
10% glycerol, and Amresco protease inhibitor cocktail catalog
number M222 (working concentration 0.5 mM AEBSF,
0.3 uM aprotinin, 10 uM bestatin, 10 uM E-64, 10 uM
leupeptin, 50 uM EDTA). Lysates were centrifuged
(10,000g for 10 min, at 4 °C) in order to eliminate cellular
debris. The supernatants were diluted 1/1 (v/v) in 100 mM Tris
(pH 6.8), 4 mM EDTA, and 8% SDS, followed by boiling for
5 min. Thereafter, samples were diluted in 40% glycerol,
100 mM Tris, and bromophenol blue (pH 6.8) in the ratio of
25:100 (v/v), and (3-mercaptoethanol at a final concentration
of 8% was added to each sample. Protein content was estimat-
ed by the method described by Peterson [56]. The samples
(60 ug of total protein/track) were electrophoresed in 10%
SDS-PAGE minigels and transferred to nitrocellulose
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membranes using a semi-dry blotting apparatus (1.2 mA/cm?;
1.5 h). To verify transfer efficiency process, membranes were
stained with Ponceau stain. The membranes were blocked
with 5% bovine serum albumin (BSA) in TBS (10 mM Tris,
150 mM NaCl, pH 7.5). The total and phosphorylated forms
of CREB and {3-actin were detected after overnight incubation
with specific antibodies diluted in TBS-T containing 2% BSA.
The primary rabbit antibodies were diluted 1:1000 for the
phosphorylated (Ser133) and total forms of CREB (Cell
Signaling) and 1:2000 for mouse anti-f3-actin (Santa Cruz
Biotechnology). Membranes were incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated
antirabbit or antimouse antibody (1:5000, Millipore) for pro-
tein detection. The reactions were developed by chemilumi-
nescence substrate (LumiGLO). After blocking and incuba-
tion steps, membranes were washed three times (5 min) with
TBS-T (10 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 7.5).
The bands were quantified using the Scion Image® software.
CREB phosphorylation was determined as a ratio of optical
density (OD) of phosphorylated band/OD of total band, and
the expression of CREB was determined as a ratio of OD
CREB band/OD of (3-actin band.

Statistical analysis

Data are presented as mean + standard error of mean (SEM).
Differences among experimental groups were determined by
two-way ANOVA followed by Newman-Keuls post hoc test
when appropriate for behavioral tests or by Student’s ¢ test for
western blot experiments. A value of p < 0.05 was considered
to be significant.

Results

Figure 1a shows that pretreatment of mice with U0126 (5 pg/
mouse, i.c.v., MEK 1/2 inhibitor) significantly prevented the
decrease in immobility time caused by inosine in the TST. A
two-way ANOVA revealed a main effect of inosine treatment
[F(1,24)=4.35, p < 0.05], no main effect of U0126 treatment
[F (1,24) = 3.19, p = 0.059], and a significant interaction
between inosine x U0126 treatment [F (1,24) = 11.36,
p < 0.01]. Figure 1b shows that neither administration of
U0126 alone nor in combination with inosine was able to
affect locomotor activity of mice in the OFT. The two-way
ANOVA revealed no significant effect of inosine [F
(1,24) = 0.26, p = 0.62], U0O126 treatment [F
(1,24) = 0.0032, p = 0.95], or inosine x U0126 treatment
interaction [F' (1,24) = 0.96, p = 0.34].

The treatment of mice with KN-62 (1 pg/mouse, i.c.v.,
CaMKII inhibitor) was able to abolish the reduction of immo-
bility time elicited by inosine in the TST, as shown in Fig. 2a.
A two-way ANOVA revealed a main effect of inosine
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Fig. 1 Involvement of MEK/ERK1/2 pathway in the antidepressant-like
effect of inosine in the TST. Effect of treatment of mice with the MEK1/2
inhibitor U0126 (5 pg/mouse, i.c.v.) on the antidepressant-like effect of
inosine (10 mg/kg, i.p.) in the TST (a) and locomotor activity in the OFT
(b). Values are expressed as SEM of six to eight mice. **p < 0.01
compared with the vehicle-treated control group. *p < 0.01 compared
with inosine-treated group

treatment [F' (1,23) = 8.38, p < 0.05], no main effect of KN-
62 treatment [F (1,23) = 2.17, p = 0.15], but a significant
interaction between inosine X KN-62 treatment [F
(1,23) = 21.49, p < 0.001]. The results depicted in Fig. 2b
reveal that locomotor activity in the OFT was not affected
by inosine treatment [F' (1,23) = 0.38, p = 0.15], KN-62 treat-
ment [F(1,23) =2.00, p = 0.17], or by the interaction between
inosine X KN-62 [F (1,23) = 1.61, p = 0.22].

Similarly, pretreatment of mice with H-89 (1 pg/mouse,
i.c.v., PKA inhibitor) blocked the antiimmobility effect in-
duced by inosine in the TST, as illustrated in Fig. 3a. A two-
way ANOVA revealed no main effect of inosine treatment [F
(1,26) = 1.59, p = 0.22], a main effect of H-89 pretreatment [F'
(1,26) = 6.75, p < 0.05], and a significant inosine treatment x
H-89 treatment interaction [F (1,26) = 4.48, p < 0.05]. Also,
the two-way ANOVA revealed no significant effect of inosine
treatment [F' (1,26) = 1.27, p = 0.27], H-89 treatment [F
(1,26) = 0.75, p = 0.39], and inosine x H-89 treatment inter-
action [F'(1,26) = 0.43, p = 0.52] in the number of crossings in
the OFT, as shown in Fig. 3b.

Figure 4a shows the effect of wortmannin treatment
(0.1 pg/mouse, i.c.v., PI3K inhibitor) on the reduction of im-
mobility time elicited by inosine in the TST. The two-way
ANOVA revealed a main effect of inosine treatment [F
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Fig. 2 Involvement of CaMKII in the antidepressant-like effect of
inosine in the TST. Effect of treatment of mice with the CaMKII
inhibitor KN-62 (1 pg/mouse, i.c.v.) on the antidepressant-like effect of
inosine (10 mg/kg, i.p.) in the TST (a) and locomotor activity in the OFT

compared with the vehicle-treated control group. **p < 0.001
compared with inosine-treated group

(1,25) = 6.67, p < 0.05], wortmannin treatment [F
(1,25) = 16.78, p < 0.001], and inosine treatment X
wortmannin treatment interaction [F (1,25) = 7.49,
p <0.01]. Post hoc analysis indicated that wortmannin admin-
istration abolished the antiimmobility effect of inosine in this
test. As indicated in Fig. 4b, the number of crossings in the
OFT was not altered by inosine and/or wortmannin (inosine
treatment [F'(1,25)=0.01, p = 0.89], wortmannin treatment [ F
(1,25) =2.00, p = 0.16], and inosine treatment X wortmannin
treatment interaction [F (1,25) = 2.25, p = 0.15].

To test the hypothesis that GSK-33 is involved in the
antidepressant-like effect of inosine in the TST, mice were
treated with a combination of sub-effective doses of ino-
sine (0.1 mg/kg, i.p.) and the selective GSK-33 inhibitor
AR-A014418 (0.001 pg/mouse, i.c.v.). The two-way
ANOVA revealed a main effect of inosine treatment [F
(1,24) = 5.74, p < 0.05], AR-A014418 treatment [F
(1,24) = 6.74, p < 0.05], and inosine x AR-A014418
interaction [F' (1,24) = 8.01, p < 0.01]. Post hoc analysis
indicated a significant reduction in the immobility time in
the TST when sub-effective doses of inosine and AR-
A014418 were combined, as shown in Fig. 5a. The results
in Fig. 5b indicate that none of the treatments alone or in
combination altered locomotor activity in the OFT
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Fig.3 Involvement of PKA in the antidepressant-like effect of inosine in
the TST. Effect of treatment of mice with the PKA inhibitor H-89 (1 g/
mouse, i.c.v.) on the inosine-induced (10 mg/kg, i.p.) antidepressant-like
effect in the TST (a) and locomotor activity in the OFT (b). Values are
expressed as SEM of seven to eight mice. *p < 0.05 compared with the
vehicle-treated control group. *p < 0.05 compared with inosine-treated

group

(inosine treatment [F (1,24) = 0.48, p = 0.50], AR-
A014418 treatment [F (1,24) = 0.22, p = 0.64], and ino-
sine x AR-A014418 treatment interaction [F
(1,24) = 2.44, p = 0.13]).

Finally, in order to evaluate if a single administration of
inosine is able to induce changes in CREB phosphorylation
and immunocontent, western blotting analyses were carried
out in homogenates of prefrontal cortex and hippocampus of
mice 30 min and 24 h after the i.p. administration of inosine. As
demonstrated in Fig. 6a, b, inosine did not induce alterations in
CREB phosphorylation or in CREB immunocontent in hippo-
campus and prefrontal cortex of mice 30 min after its adminis-
tration (hippocampus P-CREB 30 min #(12) = 1.28, p = 0.22;
hippocampus T-CREB 30 min #(12) = 1.20, p = 0.25; prefrontal
cortex P-CREB 30 min #(12) = 1.28, p = 0.77; prefrontal cortex
T-CREB 30 min #(12) = 4.38, p = 0.10). Conversely, as shown
in Fig. 6¢, 24 h after inosine administration, a significant in-
crease in hippocampal CREB phosphorylation (#14) = 2.40,
p < 0.05), without alterations in CREB immunocontent
(#(14) = 1.46, p = 0.17), was observed. The results in Fig. 6d
indicate that no alterations were observed in CREB phosphor-
ylation or immunocontent in the prefrontal cortex of animals
24 h after inosine administration (P-CREB #(14) = 1.15,
p =0.24; T-CREB #(14) = 1.61, p = 0.55).
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Fig. 4 Involvement of PI3K/Akt in the antidepressant-like effect of
inosine in the TST. Effect of treatment of mice with the PI3K inhibitor
wortmannin (0.1 pg/mouse, i.c.v.) on the inosine-induced (10 mg/kg, i.p.)
antidepressant-like effect in the TST (a) and locomotor activity in the
OFT (b). Values are expressed as mean + SEM of six to eight mice.
##p < 0.01 compared with the vehicle-treated control group. *p < 0.01
compared with inosine-treated group
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Fig. 5 Involvement of GSK-3f inhibition in the antidepressant-like
effect of inosine in the TST. Effect of treatment of mice with the GSK-
33 inhibitor AR-A014418 (0.001 mg/mouse, i.c.v.) in combination with a
sub-effective dose of inosine (0.1 mg/kg, p.m.) in the TST (a) and
locomotor activity in the OFT (b). Values are expressed as
mean = SEM of seven mice. **p < 0.01 compared with the vehicle-
treated control group
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Discussion

In the present study, we demonstrated the involvement of sev-
eral kinases in the antidepressant-like effect elicited by inosine
in TST. The inhibition of PKA, CaMKII, MEK/ERK1/2, and
PI3K was able to prevent the decrease of immobility time
elicited by inosine in this behavioral despair model. Along
this framework, inosine had a synergic effect with a GSK-
33 inhibitor in the TST. Moreover, our study also showed that
a single administration of inosine is sufficient to increase
CREB phosphorylation in the hippocampus after 24 h.
These results reinforce the role of intracellular pathways con-
trolling neuroplasticity in the antidepressant-like effect of
inosine.

We used the TST as a predictive test to evaluate antidepres-
sant activity. Despite its limitations, including the fact that it is
sensitive to acute antidepressant treatment and has mostly pre-
dictive validity, this behavioral despair test was designed to
assess antidepressant or depressant activity of compounds and
allows the study of their mechanism of action. In this para-
digm, animals are placed in an acute, stressful, and inescap-
able situation and a decrease in the immobility time is an
indication of antidepressant-like action. One of the main con-
cerns of the TST is the occurrence of false-positive results due
to alterations in the locomotor activity of animals [48]. For this
reason we also performed the OFT and we observed that
none of the treatments alone or in combination was able to
alter locomotor activity of mice.

Inosine is widely distributed in the central nervous system
(CNS), and among all nucleosides and their metabolites, this
purine has the highest overall concentration in various brain
regions, including hippocampus [57]. Brain levels of inosine
are increased after its oral administration [20], raising the pos-
sibility that exogenous inosine might impact the CNS where it
can act as a neuromodulator and activate different cellular
targets including the adenosine receptors [29, 28]. However,
we cannot rule out the involvement of different purine metab-
olites or even the involvement of adenosine itself in the be-
havioral effects observed. As indicated by clinical studies,
inosine may also partially act via its breakdown product, uric
acid [30, 29]. Lowered uric acid levels were found in depres-
sive patients [58], a compound that exerts antioxidant and
neuroprotective proprieties in different pathological condi-
tions including Parkinson’s disease [30, 29]. The antidepres-
sant potential of inosine is in agreement with clinical data
showing decreased levels of inosine in the serum of patients
diagnosed with MDD [7]. Also, the activity of ADA, the en-
zyme involved in inosine formation, was decreased in MDD
patients, and an inverse relationship was found between ADA
activity and severity of the depressive symptoms [59].
Literature data have shown that activation of adenosine recep-
tors is essential for many of the biological effects of inosine.
Indeed, most of preclinical data suggest that its antidepressant,
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Fig. 6 Effect of inosine treatment
(10 mg/kg, i.p.) on CREB
immunocontent and
phosphorylation (Ser133) in the
hippocampus and prefrontal
cortex of mice. a, b The
representative western blotting 200+
and the quantification of
phospho-CREB (P-CREB) and
total immunocontent of CREB (T-
CREB) in the hippocampus (a)
and prefrontal cortex of mice (b)
30 min after inosine
administration. ¢, d The
representative western blotting
and the quantification of P-CREB
and T-CREB in hippocampus (c) 200-
and prefrontal cortex of mice (d)
24 h after inosine administration.
Results were quantified as percent
of control and expressed as

mean + SEM of seven to eight
mice. *p < 0.05 compared with
the vehicle-treated control group
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antinociceptive, and neuroprotective effects occur through ac-
tivation of adenosine A; and A, receptors [31, 36].
Moreover, inosine reduced ischemic brain injury in rats via
adenosine A; receptor-dependent pathway [60]. Meanwhile,
the activation of these receptors is able to modulate several
signaling pathways related to neuroplasticity and cell survival
such as MEK/ERK1/2, CaMKII, PKA, PI3K/Akt, and GSK-
33 [42, 43].

Inosine 10 mg/kg

Control Inosine 10 mg/kg

This study showed the involvement of MEK/ERK1/2 path-
way in the antidepressant-like effect of inosine considering
that pretreatment with U0126, a selective inhibitor of
MEK1/2 and consequently ERK1/2 activation [61], prevented
the decrease of immobility time elicited by inosine in the TST.
The MEK/ERK signaling pathway mediates the transduction
of intracellular stimuli and gene expression, regulating a vari-
ety of cell activities such as cell proliferation, migration, and
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differentiation [62]. Several studies have shown the involve-
ment of this signaling pathway in MDD. Animal models of
depression induced by chronic stress or corticosterone treat-
ment are associated with decreased levels of ERK1/2 in pre-
frontal cortex and hippocampus of mice [63, 64]. Also, the
inhibition of MEK/ERK cascade induces a depressive-like
behavior and abolishes the effect of some antidepressants in-
cluding desipramine, sertraline, and ketamine [65, 66]. Our
results are consistent with literature data regarding the in-
volvement of ERK activation in the neurobiological effects
of inosine. In fact, oral administration of inosine induces an
increase in ERK phosphorylation in the hippocampus of mice
through both adenosine A; and A,, receptor activation. In
addition, the neuroprotective activity of inosine in vitro is also
dependent on ERK activation [20].

CaMKII is a prominent protein kinase largely distributed in
the brain and concentrated in the postsynaptic densities and pre-
synaptic terminals that control activity-dependent neuronal re-
sponse [67, 68]. This enzyme has a critical role for regulation
of synaptic plasticity, and modulation of CaMKII activity has
been implicated in the pathophysiology of MDD and in antide-
pressant responses [69]. Noteworthy, it has been reported that
activation of adenosine A; receptors may modulate Ca** and
increase CaMKII phosphorylation and activity [70, 43]. In the
present study, we used KN-62, a selective CaMKII inhibitor,
which has been extensively used as a tool to address the func-
tional roles of this kinase [69, 71, 72]. Our results showed that
KN-62 treatment fully abolished the decrease of immobility time
induced by inosine in the TST. It is worthy to mention that KN-
62 can also block P2 receptors, such P2X7 receptors [73].
However, these receptors are not activated by purines such as
adenosine, and it is unlikely that inosine directly activates these
receptors [74]. However, we cannot rule out the possibility of an
indirect modulation of P2X7 receptors by inosine and further
studies are necessary to investigate the role of P2 receptors in
the antidepressant-like effect of inosine. Altogether, our findings
suggest CaMKII activation as a key signaling element involved
in the inosine antidepressant response.

We also demonstrated that H-89, a selective inhibitor of
PKA activity, was able to prevent the antidepressant-like ef-
fect of inosine. Our results corroborate previous reports show-
ing a role for PKA activity in the antidepressant response of
compounds like memantine, creatine, and zinc chloride [75,
44, 76]. However, adenosine receptors are capable of modu-
lating PKA activity in opposite ways. Adenosine A; receptors
interact with Gi proteins that ultimately decrease the levels of
cAMP, reducing PKA activity. On the other hand, the activa-
tion of adenosine A, 4 receptors is classically associated with a
Gs-protein interaction, increased cAMP levels, and PKA ac-
tivation [42]. Previous report indicates that the antidepressant-
like effect of inosine may involve the activation of both A,
and A, receptors [36]. However, it is also important to high-
light that these receptors are able to interact, and other non-
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classical transduction pathways might be operated under these
conditions [77]. Therefore, additional studies will be required
to explain the modulation of PKA activity by inosine and
adenosine receptors.

It has been reported that adenosine receptors can activate
PI3K/Akt [78], and in vitro studies have shown an increase in
Akt phosphorylation elicited by inosine [79]. The activation of
PI3K catalyzes the production of phosphatidylinositol-3,4,5-
triphosphate and induces Akt activation, which is associated
with several cellular processes, such as neurite outgrowth, cell
survival, synaptic plasticity, and antidepressant responses [80,
38]. In this study, we show that wortmannin, a selective irre-
versible PI3K inhibitor, abolished the decrease of immobility
time elicited by inosine in the TST, indicating the involvement
of PI3K/Akt in its antidepressant-like effect. Once activated,
one of the downstream targets of Akt is the enzyme GSK-3f3.
Akt can phosphorylate GSK-33 at Ser-9 residue leading to its
inactivation. It was already demonstrated that GSK-33 is asso-
ciated with the development of MDD, and GSK-3f3 inhibition
is capable of potentiating the effect of antidepressants [81, 82].
This is in accordance with our results showing a synergistic
antidepressant-like effect when sub-effective doses of inosine
and AR-A014418, a selective GSK-3f3 inhibitor, were com-
bined. Thus, our findings suggest that inosine, probably
through activation of adenosine receptors, can trigger the acti-
vation of PI3K/Akt with the consequent inhibition of GSK-3{3.

Overall, activation of MEK/ERK1,2, CaMKII, PKA,
and PI3K/Akt can induce the phosphorylation of CREB
at Ser-133, which is a committed step for activation of
this transcription factor [83]. Moreover, inhibition of
GSK-3f3 by Ser-9 phosphorylation, via PI3K/Akt, reduces
the inhibitory effect of GSK-33 on CREB activity [84].
Our results showed increased CREB Ser-133 phosphory-
lation in the hippocampus 24 h after inosine administra-
tion. The hippocampus is one of the most prominent re-
gions involved in mood regulation and largely sensitive to
alterations in neuroplasticity and cell survival induced by
stress and MDD. The phosphorylation of CREB can lead
to transcription of several neurotrophic genes including
BDNF [83]. Indeed, it was recently demonstrated that
inosine administration enhanced BDNF expression and
increased cell proliferation in the hippocampus of mice
[20]. Moreover, a recent study concerning the antidepres-
sant action of ketamine and its metabolite (2R,6R)-
hydroxynorketamine (HNK) shows that immobility time
in the FST was decreased at 1 and 24 h after treatment in
mice. However, an increment of BDNF was observed in
the hippocampus, but not in prefrontal cortex only 24 h
after ketamine or HNK administration [85]. Therefore, the
profile of CREB phosphorylation increment observed in
response to inosine treatment (24 h), only in the hippo-
campus, is in agreement with that observed for BDNF
expression in response to ketamine. Taken together, our
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findings suggest that inosine can alter the complex intra-
cellular signaling pathways that converge on CREB acti-
vation, an effect that might represent a promising strategy
to manage depressive-related disorders. However, it re-
mains to be answered if these initial effects elicited by a
single inosine administration are capable of producing
sustained antidepressant response or even neuroprotective
effects in preclinical models associated with compromised
neuroplasticity.

In conclusion, the present study provides combined phar-
macological and biochemical evidence that indicates the par-
ticipation of MEK/ERK1/2, CaMKII, PKA, and PI3K/Akt
activation and GSK-3f3 inhibition in the antidepressant-like
effect of inosine in a behavioral despair model of depression
in mice. Furthermore, this study also identified that a single
administration of inosine was able to increase hippocampal
CREB phosphorylation in mice. It was already demonstrated
that inosine has a highly safety profile and is devoid of
significant side effects, even after prolonged treatment [29,
28]. These results suggest that inosine is able to target sig-
naling pathways related to cell survival, neuroprotection, and
neuroplasticity, further reinforcing the ability of the
purinergic system to favorably impact mood.
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