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Abstract

Guanosine is a purine nucleoside that has been shown to exhibit antidepressant effects, but the mechanisms underlying its effect
are not well established. We investigated if the antidepressant-like effect induced by guanosine in the tail suspension test (TST) in
mice involves the modulation of «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, voltage-dependent
calcium channel (VDCC), and brain-derived neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB) pathway. We
also evaluated if the antidepressant-like effect of guanosine is accompanied by an acute increase in hippocampal and
prefrontocortical BDNF levels. Additionally, we investigated if the ability of guanosine to elicit a fast behavioral response in
the novelty suppressed feeding (NSF) test is associated with morphological changes related to hippocampal synaptogenesis. The
antidepressant-like effect of guanosine (0.05 mg/kg, p.o.) in the TST was prevented by DNQX (AMPA receptor antagonist),
verapamil (VDCC blocker), K-252a (TrkBantagonist), or BDNF antibody. Increased P70S6K phosphorylation and higher
synapsin I immunocontent in the hippocampus, but not in the prefrontal cortex, were observed 1 h after guanosine administration.
Guanosine exerted an antidepressant-like effect 1, 6, and 24 h after its administration, an effect accompanied by increased
hippocampal BDNF level. In the prefrontal cortex, BDNF level was increased only 1 h after guanosine treatment. Finally,
guanosine was effective in the NSF test (after 1 h) but caused no alterations in dendritic spine density and remodeling in the
ventral dentate gyrus (DG). Altogether, the results indicate that guanosine modulates targets known to be implicated in fast
antidepressant behavioral responses (AMPA receptor, VDCC, and TrkB/BDNF pathway).
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low rates of remission [2, 3] and several side effects besides a
long time to produce a therapeutic response [4, 5].

The glutamatergic system has been recognized as an
important target for novel and rapid-acting antidepres-
sants [6]. Agents that positively modulate «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) re-
ceptors have been used as cognitive enhancing drugs
and are effective on cellular and behavioral models of
learning and memory besides contributing to increase
the expression of brain-derived neurotrophic factor
(BDNF) [7, 8]. BDNF has a crucial role for the behav-
ioral responses of conventional antidepressants follow-
ing their chronic administration [9]. Moreover, the
mechanisms underlying the effects of the fast-acting an-
tidepressants like ketamine are dependent, at least in
part, on the fast increase in neuronal BDNF [8]. The
role of BDNF in the pathophysiology of MDD is also
supported by postmortem studies that have indicated a
reduction in mRNA and protein levels of BDNF and its
receptor tropomyosin receptor kinase B (TrkB) in the
hippocampus, prefrontal cortex (PFC), and locus
coeruleus of depressed individuals when compared to
controls [10, 11]. Additionally, an increase in BDNF
may occur as a consequence of the activation of
AMPA receptor that leads to the stimulation of L-type
voltage-dependent calcium channels (VDCCs) [8, 12].
These events result in mechanistic target of rapamycin
(mTOR) activation with the consequent translation of
proteins required for the formation, maturation, and
function of new dendritic spines [13]. Particularly, the
activation of mTOR pathway has been functionally
linked to the phosphorylation of P70S6K (Thr*®*”) and
synthesis of synaptic proteins such as PSD-95, and
synapsin I, which are essential for the rapid antidepres-
sant effect of ketamine [14]. Although ketamine pro-
motes a rapid and persistent antidepressant effect in re-
fractory depressive patients, it possesses psychomimetic
properties, potential for abuse and may cause long-term
neurotoxicity [15].

Considering the limitation of antidepressant therapy, our
group has investigated the antidepressant properties of gluta-
matergic modulators, including guanosine [16]. It is a purine
nucleoside released mainly by astrocytes under normally
physiological conditions but mostly under pathological events
[17, 18]. Guanosine has been reported to exhibit neuroprotec-
tive and trophic effects [18, 19]. Previous studies showed that
guanosine exerts an antidepressant-like effect in the tail sus-
pension test (TST) and forced swimming test (FST) by acti-
vating phosphatidylinositol 3-kinase (PI3K)/protein kinaseB
(Akt) and mTOR signaling pathways [20]. Several studies
have associated the activation of these pathways with synaptic
plasticity, learning, memory, and antidepressant action [14,
21-25]. Taking into account that the antidepressant-like effect
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of guanosine involves the blockade of the responses mediated
by N-methyl-D-aspartate (NMDA) receptors [20] and consid-
ering that enhancement of synaptic function and antidepres-
sant responses involves AMPA and NMDA receptors [26,
27], the present study was carried out to investigate: (a) if
the antidepressant-like effect of guanosine in the TST involves
the modulation of AMPA receptors, VDCC, BDNF/TrkB sig-
naling, and its downstream signaling targets: P70S6K
(Thr389), PSD-95, and synapsin I; (b) if guanosine has a
long-lasting antidepressant-like effect (up to 24 h) in the
TST; (c) if guanosine is effective to acutely increase hippo-
campal and prefrontocortical BDNF levels; (d) if the effect of
guanosine in the novelty suppressed feeding (NSF) test (a
behavioral paradigm responsive only to chronic treatment
with conventional antidepressants), is associated with alter-
ations in the dendritic spines density and remodeling in the
ventral dentate gyrus (DG).

Materials and methods
Animals

This study was performed in 207 adult female Swiss
mice (2 months, 3040 g) provided by the animal facil-
ity of the Federal University of Santa Catarina
(Florianopolis, Brazil). The animals were maintained 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 acclimatization 24 h before the tests, and ma-
nipulations were carried out between 9.00 a.m. and 5.00
p.m. All procedures were performed in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and experiments were per-
formed after approval of the protocols by the Ethics
Committee of the Institution (PP00795 and
7485180518 Protocol). All efforts were made to mini-
mize animal suffering.

Drugs and treatment

The following drugs were used: guanosine, 6,7-
dinitroquinoxaline-2,3-dione (DNQX) (AMPA receptor an-
tagonist), verapamil (VDCC blocker), K-252a
(TrkBantagonist), and BDNF antibody (rabbit polyclonal
IgG). In all protocols, the appropriate vehicles were used in
the control groups (distilled water to oral (p.o.) route, sterile
saline (0.9% NaCl) to intraperitoneal (i.p.) route and 0.1%
dimethyl sulfoxide to intracerebroventricular (i.c.v.) route).
Guanosine was dissolved in distilled water and was given
p.o. by gavage. Verapamil was dissolved in sterile saline



Purinergic Signalling (2021) 17:285-301

287

(0.9% NaCl) and administered by i.p. route. DNQX, K-252a,
and BDNF antibody were dissolved in a final concentration of
0.1% dimethyl sulfoxide and were administered by i.c.v.
route. The i.c.v. injections were performed by employing a
“free hand” method according to the procedure previously
described [28]. Briefly, a 0.4-mm external diameter hypoder-
mic needle attached to a 5 uL. Hamilton syringe by polyeth-
ylene tubing was inserted perpendicularly through the
skull. The drugs were then administered in a volume of
3 uL into the left lateral ventricle, according to the fol-
lowing coordinates from bregma: AP — 0.6 mm, ML + 1.1
mm, DV — 1.0 mm [29]. 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. L.c.v.
injections were performed by an experienced investigator,
and after dissection of the brain of the animal, the success
of the injection was examined, macroscopically,
discarding results from mice presenting misplacement of
the injection site or any sign of cerebral hemorrhage (<
5%).

Immobility time (s)
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Fig. 1 Antidepressant-like effect elicited by guanosine in the TST
involves AMPA receptors, VDCCs, and BDNF signaling. Timeline of
experimental protocols of administrations and behavioral tests (a, b, g,
and h). Effect of the treatment of mice with DNQX on the guanosine-
induced antidepressant-like effect in the TST (¢) and locomotor activity in
the OFT (d). Effect of verapamil on the guanosine-induced antidepres-
sant-like effect in the TST (e) and locomotor activity in the OFT (f). The

Experimental protocol

In order to investigate the involvement of AMPA receptors in
the antidepressant-like effect of guanosine in the TST, mice
were treated with guanosine (0.05 mg/kg, p.o.) or vehicle
(distilled water, p.o.), and after 45 min, they received
DNQX (2.5 ug/site, i.c.v.) or vehicle (saline, i.c.v.). After 15
min, TST was carried out followed by OFT (Fig. 1a).

To investigate if the antidepressant-like effect in-
duced by guanosine involves VDCC, mice were treated
orally with guanosine (0.05 mg/kg) or distilled water
and after 30 min they received verapamil (10 mg/kg,
i.p.) or vehicle (saline, i.p.). After 15 min, animals were
submitted to the TST and OFT (Fig. 1b).

In another set of experiments, in order to examine the hy-
pothesis that the antidepressant-like effect of guanosine is de-
pendent on TrkB, mice were treated with guanosine (0.05
mg/kg, p.o.) or vehicle (distilled water, p.o.), and after 45
min, received K-252a (1 pg/site, i.c.v.) or vehicle (saline,
i.c.v.). After 15 min, the TST was carried out, followed by
OFT (Fig. 1g). To further evaluate the influence of BDNF in
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effect of the treatment of mice with K-252a on the antidepressant-like
effect of guanosine in the TST (i) and locomotor activity in the OFT (j).
Effect of BDNF antibody administration on the antidepressant-like effect
elicited by guanosine in the TST (k) and locomotor activity in the OFT (I).
Values are expressed as mean + SEM of 7-8 mice. * p < 0.05 and ** p <
0.01 compared with the vehicle-treated control group. # p < 0.05 and ## p
< 0.01 compared with the guanosine-treated group.
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Fig. 2 Effect of guanosine treatment in P70S6K phosphorylation,
synapsin I, and PSD-95 imunocontent in the hippocampus and PFC of
mice. Timeline of experimental protocols of administrations and behav-
joral tests (a). P70S6K (Thr**®) phosphorylation in the hippocampus (b)
and PFC (e) of mice. Immunocontent of synapsin I in the hippocampus

the antidepressant-like effect of guanosine, mice were treated
with guanosine (0.05 mg/kg, p.o.) or vehicle (distilled water,
p.0.) 45 min before i.c.v. administration of BDNF antibody (1
pg/site, i.c.v.) or vehicle (saline, i.c.v.). The TST was carried
out 15 min after the last treatment followed by OFT (Fig. 1h).

The doses and administration route of DNQX,
K-252a, and BDNF antibody were chosen based on pre-
vious studies [30-32].

In another set of experiments, guanosine was admin-
istered (0.05 mg/kg, p.o.), and after 60 min, the hippo-
campus and PFC were dissected and processed for
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(¢) and PFC (f). Immunocontent of PSD-95 in the hippocampus (d) and
PFC (g). Results are presented as percentual of control (considered 100%)
and are expressed as mean + SEM (n = 6). * p < 0.05 and ** p < 0.01
guanosine-treated groups compared with the vehicle-treated group

Western blot analyses to verify phosphorylation of
P70S6K (Thr**’) and the immunocontent of synapsin I
and PSD-95 in both structures (Fig. 2a).

In order to evaluate if the effect of guanosine persists
up to 24 h, mice were submitted to TST 1 h, 6 h, and
24 h after treatment with guanosine (0.05 mg/kg, p.o.).
After the TST, animals were submitted to the OFT for
evaluation of number of crossings, latency to exit the
first quadrant, time and number of entries in center,
number of groomings and rearings (Table 1). To evalu-
ate BNDF levels in the hippocampus and PFC, right
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Table 1 Behavioral parameters in
the OFT of mice administered
with guanosine (0.05 mg/kg, p.o.)
1 h, 6 h, and 24 h before the
session

Vehicle Guanosine (1 h) t values
Latency to exit the first quadrant(s) 12.14 £ 1.10 15.50 £2.25 tas =-1.28,p =022
Numbers of rearings 6.86 +2.89 587+ 1.84 tas =029, p=0.77
Total time of grooming (s) 40.85 +6.35 38.37 £10.77 ta3 =0.19, p=0.85
Total time in center of the OFT (s) 2.14+091 3.38=£1.76 tas) =-0.59, p = 0.56
N° of entries in center of the OFT 2.29+0.99 275+1.26 tas) =-0.28,p=0.78
Vehicle Guanosine (6 h) t values
Latency to exit the first quadrant 16.63 +£3.20 1528 £ 1.44 tazy = 0.36,p =0.72
Numbers of rearings 5.75+2.25 11.42 +3.66 tas) =-1.36, p=0.20
Total time of grooming 6237+ 11.10 68.57 £12.95 taz) =-0.36, p = 0.72
Total time in center of the OFT 1.13+£0.48 1.29+0.75 taz) =-0.19, p = 0.86
Ne of entries in center of the OFT 1.23 £0.48 1.28 £0.75 taz) =-0.19, p = 0.86
Vehicle Guanosine (24 h) t values
Latency to exit the first quadrant 23.13+£9.87 1287+ 1.11 taey=1.03,p =0.32
Numbers of rearings 10.00 +1.25 8.63 +1.08 taay=0.83, p =042
Total time of grooming 31.75+£7.67 40.63 +£3.74 taay=-1.04, p =0.32
Total time in center of the OFT 1.75£0.75 0.38+0.26 tasy=1.73,p=0.11
Ne of entries in center of the OFT 1.75£0.75 0.50+0.27 tasy=1.57,p=0.14

after the behavioral tests, mice were euthanized, and the
brain structures were dissected (Fig. 3a).

To investigate the effect of guanosine in the NSF
test, mice received an administration of guanosine
(0.05 mg/kg, p.o.), ketamine (1 mg/kg, i.p., positive
control), or vehicle (distilled water, p.o.), and after 1 h

Fig. 3 Time-course of guanosine
administration effects in the TST,
OFT and BDNF levels. Timeline
of experimental protocols of
administrations and behavioral
tests (a). The treatment with
guanosine or vehicle 1 h, 6 h, and
24 hin the TST (b) and OFT (c).
Effect of guanosine treatment or
vehicle after 1 h, 6 h, and 24 h in
BDNEF levels in the hippocampus
(d) and PFC (e). Values are
expressed as mean + SEM (n=7—
8). * p < 0.05 and ** p < 0.01
compared with the respective
vehicle-treated control group

or 30 min, respectively, they were subjected to NSF
test. After the test, the amount of food consumed by
mice for 5 min was registered. Subsequently, mice were
perfused to remove the hippocampus for morphological
analyses (Fig. 4a).
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Behavioral tests
TST

The total duration of immobility induced by TST was mea-
sured according to the method described previously [33].
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 record-
ed during a 6-min period by an experienced observer blinded
to the experimental condition.

OFT

Locomotor activity was assessed in an open-field test (OFT)
10 min after TST, as previously described [34]. The apparatus
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 count-
ed during a 6-min session. The apparatus was cleaned with a
solution of 10% ethanol between tests to hide animal clues.

NSF

First, mice were weighed, and food was removed from their
cages, although water continued to be available to all animals.
Approximately 24 h after the removal of the food, mice were
placed in a wooden box (40 x 60 cm and 50 cm height)
containing a small amount of food in its center. Each mouse
was placed in the arena for 10 min, starting in the corner, and
the time until the first feeding episode was recorded.
Immediately after the mouse began to eat the chow, the tested
animal was placed alone in a cage (41 x 34 x 16 cm) with a
weighed piece of chow for 5 min. Subsequently, the amount
of food consumed by each mouse was determined by
weighing the chow before and after the test [35, 36].

Biochemical analyses
Western blot analysis

The western blot was performed in order to investigate the
phosphorylation of P70S6K (Thr’®?) and the immunocontents
of synapsin I and PSD-95 in the hippocampus and PFC of
mice, 1 h after guanosine treatment (0.05 mg/kg, p.o.).
Animals were previously submitted to TST followed by
OFT. After behavioral tests, they were decapitated for quick
dissection of PFC and hippocampus, which were placed in
liquid nitrogen (4 °C) and stored at — 80 °C until use.
Samples were mechanically homogenized in 400 uL of

50 mM TRIS pH 7.0, 1 mM EDTA, 100 mM NaF, 0.1 mM
PMSEF, 2 mM Na3VOy, 1% Triton X-100, 10% glycerol, and
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.
Thereafter, sample dilution (40% glycerol, 100 mM Tris,
bromophenol blue, pH 6.8) in the ratio 25:100 (v/v) and f3-
mercaptoethanol (final concentration 8%) were added to the
samples. Protein content was quantified by the method of
(Peterson, 1977) using bovine serum albumin as a standard.
The samples containing 80 pg protein/track) were separated
by SDS-PAGE using 7%, 10%, or 12% 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.
After the transfer process, membranes were blocked with
5% albumin in Tris-buffered saline for 60 min at room tem-
perature and probed via incubation with P70S6K (Thr*®"),
PSD-95 and synapsin I antibodies (obtained from Cell
Signaling Technology—1:1000 dilution) diluted in a TRIS-
buffered saline solution contained 0.1% Tween 20). Next,
membranes were incubated with anti-mouse horseradish
peroxidase-conjugated secondary anti-body (Cell Signaling,
1:2500) for 60 min, and the immunoreactive bands were de-
veloped using a chemiluminescence kit (Amersham ECL
Prime Western Blotting Detection Reagent, GE Healthcare
Life Sciences). After blocking and incubation steps, mem-
branes were washed three times (5 min) with Tris-buffered
saline solution containing 0.1% Tween 20. The expression
level of a housekeeping protein {3-actin was evaluated using
a mouse anti-3-actin primary antibody (Santa Cruz, 1:2500)
and an anti-mouse horseradish peroxidase-conjugated (Cell
Signaling, 1:5000) secondary antibody. Optical density of
the bands was quantified using Imagelab Software, and the
phosphorylation of p-P70S6K (Thr’®®) was determined based
on the ratio between optical density of the phosphorylated
band and the optical density of the total P70S6K. Synapsin I
and PSD-95 immunocontents were determined based on the
ratio between the optical density of their bands and the optical
density of the 3-actin band.

BDNF ELISA immunoassay

Immediately after mice were subjected to TST for time-course
evaluation, they were euthanized for quickly dissection of
hippocampus and PFC. The structures were placed in liquid
nitrogen (4 °C) and stored at — 80 °C until use. Samples were
mechanically homogenized in 400 uL of 50 mM Tris pH 7.0,
1 mM EDTA, 100 mM NaF, 0.1 mM PMSF, 2 mM Na3VO4,
1% Triton X-100, 10% glycerol, and Sigma Protease Inhibitor
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Cocktail (P2714). Lysates were centrifuged (10,000g for 10
min, at 4 °C) to eliminate cellular debris. After centrifugation,
supernatant was transferred to a new Eppendorf for the BDNF
immunoassay. Protein content was quantified by the method
of Peterson (1977) using bovine serum albumin as standard.
Mature BDNF levels were measured by antigen-capture en-
zyme-linked immunosorbent assay (ELISA) using a Promega
BDNF Emax® ImmunoAssay System ELISA kit (Promega,
Madison, W1, USA) according to the manufacturer’s instruc-
tions [37].

Morphological analyses
Golgi staining

Golgi staining is a classical technique based on the impregna-
tion of neural tissue with heavy metal precipitate in a random
set of neurons [38, 39]. After behavioral tests, mice were
transcardially perfused with 0.9% saline (under deep anesthe-
sia with isoflurane). Brains were immediately removed and
deposited in vials containing 20 mL modified Golgi-Cox so-
lution. The samples were stored at room temperature, in the
dark for 4 days, and at the end of this period, the Golgi solu-
tion was replaced by 30% sucrose solution [40]. All proce-
dures were performed without the presence of light.
Following saturation in sucrose, coronal sections (200 pm)
of'the hippocampus were obtained on a vibratome (Vibratome
Series 1000, St Louis, MO, USA). Hippocampal sections
were mounted onto 2% gelatin-coated microscope slides,
and for 48 h, the samples were maintained in a humid cham-
ber. After this period, slides were sequentially placed in dis-
tilled H,O (1 min), ammonium hydroxide (30 min), distilled
H,O (1 min), Kodafix for film (30 min), distilled H,O (1 min),
50% ethanol (1 min), 70% ethanol (1 min), 95% ethanol (1
min), 100% ethanol (10 min), and 100% ethanol/xylene (1:1
for 20 min). Finally, a coverslipped was used to finalize the
slide, which was fixed with Novo Entellan® (Merck). The
finished slides were stored in the dark until analyzed [36].

Dendritic spine analysis

A Confocal Leica DMI6000 B microscope (Leica
Microsystem, Wetzlar, Germany) was utilized to collect Z-
sections of labeled neurons, dendritic segments were collect-
ed, and the images were processed using bath deconvolution
to optimize the image quality. The following criteria were
used to select the segments to analyze the Golgi-
impregnated cells: had consistent impregnation throughout
the extent of the cell body and dendrites, were able to be
distinguished from neighboring impregnated cells, and had
intact dendritic trees [36].

Only dendritic protrusions < 3 wm in length were manually
counted using Imagel software [41, 42]. The total number of
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dendritic spines as well as the number of each particular type
of dendritic spine, normalized to 10 um of the dendritic seg-
ment length, were counted (under x 100 magnification). From
each dendritic segment, Z-stacks (stack depth varied depend-
ing on the dendrite segment) were obtained for each segment,
and the number of spines per 10 um was manually quantified.
Dendritic spines were traced as a full dendrite in the z-plane
and inspected in the x—y-plane for each individual z-step.
Spines are categorized into morphological subtypes based on
their size and the relative proportions of the spine head and
neck. The spine types were classified based on the following
dimensions: length, from the base of the dendrite to the tip of
its head (L); the maximum neck diameter (nd); and the max-
imum head diameter (hd). Thus, individual spines were in-
cluded in each category based on the specific ratios of L/nd
and hd/nd [43]. Morphometric analyses were conducted for
each dendritic spine, and measurements were used to catego-
rize spines into stubby, mushroom, thin, and filopodia classes.
Filopodium-shaped spines presented hd = nd with an L value
< 3 um, whereas thin-shaped spines presented hd = nd with an
L value < 2 um. Stubby-shaped spines presented an L similar
to the nd and the hd values, which tended to be < 1 um.
Mushroom-shaped spines presented a hd value that was much
larger than the nd value, with an L value < 1 um [44].

Statistical analysis

All the statistical analyses were performed using
STATISTICA 7.0 software (StatSoft Inc., Tulsa, OK, USA).
The Kolmogorov-Smimov test was used to assess data nor-
mality in all the experiments. Differences between the exper-
imental groups in behavioral and biochemical analyses were
determined by Student ¢ test, one-way or two-way ANOVA,
followed by Newman-Keuls post hoc test when appropriate.
Data are expressed as mean + SEM.

Since dendritic spine data were not normally distributed,
cumulative probability plots to measure shifts in the total num-
ber of dendritic spines, as well as filopodia, thin, stubby and
mushroom dendritic spines per 10 um dendritic segment in
the different experimental groups were used. Cumulative dis-
tribution probabilities were compared by Kruskal-Wallis test
followed by the Dunn’s multiple comparisons test. A value of
p < 0.05 was considered significant.

Results

DNQX prevented the decreased immobility time in
the TST induced by guanosine

Considering the proposed role of AMPA receptors for the
rapid behavioral response of ketamine [14, 45], we tested
the ability of the AMPA receptor antagonist DNQX to abolish
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the antidepressant-like effect of guanosine in the TST.
Figure 1 ¢ shows the influence of DNQX on the
antidepressant-like effect of guanosine in the TST.
Treatment with DNQX prevented the decreased immobility
time in the TST induced by guanosine. The two-way
ANOVA revealed significant differences for guanosine treat-
ment [F(l,26) 21595, p < 001], DNQX treatment [F(1,26)
=4.942, p < 0.05] and guanosine treatment x DNQX treatment
interaction [F(; 56, = 5.361, p < 0.05]. Post hoc analysis indi-
cated that the treatment with DNQX prevented the reduction
on the immobility time produced by guanosine in the TST. No
alterations in the locomotor activity in the OFT were observed
(Fig. 1d). A two-way ANOVA showed no significant differ-
ences of locomotion for guanosine treatment [F(; 56y = 0.028,
p =0.866], DNQX treatment [F(; 26y = 1.092, p =0.305], and
guanosine x DNQX interaction [F 26, = 0.531, p = 0.472].

VDCCs are required for the antidepressant-like effect
of guanosine in the TST

Considering that the activation of AMPA receptors is associ-
ated with sodium influx that causes the stimulation of VDCC
[12], in the next step of the study, we tested the influence of
the blockade of these channels with verapamil on the effect of
guanosine in the TST.

The effect of verapamil on the antidepressant-like effect
induced by guanosine is illustrated in Fig. le. The two-way
ANOVA revealed significant differences for verapamil treat-
ment [F(j 24y = 12.463, p <0.05] and guanosine treatment X
verapamil treatment interaction [F 24y = 6.653, p <0.05], but
no significant main effect was observed for guanosine treat-
ment [F( 24y = 4.128, p = 0.05]. Post hoc analysis indicated
that the treatment with verapamil prevented the decrease in
immobility time in the TST produced by guanosine.
Locomotor activity in the OFT was not altered by any treat-
ment (Fig. 1f). A two-way ANOVA showed no significant
differences of locomotor activity for guanosine treatment
[F(124) = 0.232, p =0.633], verapamil treatment [F(; 24y =
2.694, p = 0.113], and guanosine X verapamil interaction
[F(1.24)=0.001, p = 0.968].

Involvement of BDNF/TrkB signaling pathway in the
antidepressant-like effect of guanosine

To test the hypothesis that the antidepressant-like effect
of guanosine in the TST is dependent on BDNF signal-
ing pathway, in the next step of the study, mice were
administered with the TrkBantagonist K-252a or with
BDNF antibody. Figure 1 i demonstrates the effect of
the treatment with K-252a on the antidepressant-like ef-
fect of guanosine in the TST. The two-way ANOVA
revealed significant differences for guanosine treatment
[F(],ZS) = 26115, p < 001], K-252a treatment [F(],zs) =

7.491, p < 0.05] and guanosine treatment x K-252a
treatment interaction [F(;,s5) = 6.936, p < 0.05]. Post
hoc analysis indicated that administration of K-252a
prevented the decrease in immobility time in the TST
produced by guanosine (Fig. 1i). Locomotor activity in
the OFT was not altered by any treatments (Fig. 1j). A
two-way ANOVA showed no significant differences for
guanosine treatment [F; »5) = 0.994, p = 0.328], K-252a
treatment [F(; 25y = 1.728, p = 0.200], and guanosine X
K-252a interaction [F(; 5y = 1.728, p = 0.200].

Subsequently, it is possible to observe the influence of
BDNF antibody administration on the antidepressant-like
effect elicited by guanosine in the TST (Fig. 1k). The
two-way ANOVA revealed significant differences for
guanosine treatment [F(; »5) = 16.425, p < 0.01], BDNF
antibody treatment [F(; »5) = 17.042, p < 0.01], and gua-
nosine treatment X BDNF antibody treatment interaction
[F1.25)=5.689, p < 0.05]. Post hoc analysis indicated that
BDNF antibody abolished the antidepressant-like effect
induced by guanosine in the TST (Fig. 1k). Figure 1 1
shows the locomotor activity of mice in the OFT. A
two-way ANOVA showed no significant differences for
guanosine treatment [F(; »5) = 1.485, p = 0.234], BDNF
antibody treatment [F(; 5, = 3.3320, p = 0.079], but
showed significance difference for guanosine x BDNF
antibody interaction [F(; 25y = 5.9140, p < 0.05]. Post
hoc analysis showed that that the combined administration
of BDNF antibody and guanosine decreased the number
of crossings in the OFT.

Guanosine increased P70S6K (Thr*®®) phosphorylation
and synapsin I immunocontent in the hippocampus, but did
not alter PSD-95 in the hippocampus and PFC

Considering that the activation of BDNF signaling path-
way leads to the activation of mTOR that in turn stimulates
P70S6K (Thr*®®) phosphorylation and protein translation
[13], we next examined the effect of a single administration
of guanosine on P70S6K (Thr’®) phosphorylation in the hip-
pocampus and PFC as indicated in Fig. 2 b and e, respectively.
Student’s 7 test revealed a significant increase on P70S6K
(Thr*®) phosphorylation in the hippocampus of mice treated
with guanosine [¢14)=—4.39, p < 0.01], but no difference was
observed in the PFC [#14)= 0.34, p = 0.74].

Guanosine was also able to increase the immunocontent of
synapsin I in the hippocampus of mice 1 h after its adminis-
tration, as shown in Fig. 2c¢ [#14,=—2.35, p < 0.05]. However,
no difference was observed in the PFC [#14, = 0.06, p = 0.95]
when compared to the control group (Fig. 2f).

Administration of guanosine produced no significant dif-
ferences on PSD-95 immunocontent in the hippocampus and
PFC of mice. Student’s ¢ test revealed no significant differ-
ences on PSD-95 immunocontent in the hippocampus [#(14) =
—0.05, p = 0.96] (Fig. 2d) and PFC [t(14,=— 0.30, p = 0.77]
(Fig. 2g) of mice compared to the control group.
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Time course-response curve of guanosine in the TST

Considering that we showed herein that the antidepressant-
like effect of guanosine is dependent on molecular targets
related to rapid antidepressant response, we next aimed to
evaluate if its antidepressant-like effect in the TST persists
up to 24 h as previously reported for the fast-acting antide-
pressant ketamine [46—48]. Figure 3 b shows that guanosine
decreased the immobility time of mice in the TST 1 h [#;3) =
3.35 p < 0.05], 6 h [tq3) = 2.26, p < 0.05] and 24 h after
treatment [#14) = 2.68, p < 0.05]. The administration of gua-
nosine did not alter the number of crossings in the OFT as
compared to the control group 1 h [£43,=—0.57,p=0.58],6 h
[ta3y=—1.48,p=0.16], and 24 h [£(14y= 1.39, p = 0.19] after
guanosine administration (Fig. 3c). No differences were ob-
served in the latency to exit the first quadrant in the OFT,
numbers of rearings, total time of grooming, total time in
center of the OFT, and number of entries in center of the
OFT as compared to the control group (Table 1).

Guanosine acutely increased BDNF levels in the
hippocampus and PFC

BDNF has been reported to be increased in the hippocampus
and PFC following chronic administration of conventional
antidepressants, but it may be rapidly increased following a
single administration of ketamine [8]. Therefore, we next ex-
amined if a single administration of guanosine is capable of
increasing BDNF levels in the hippocampus and PFC 1 h, 6 h,
and 24 h after its administration.

Student’s ¢ test revealed a significant increase on BDNF
level in the hippocampus of mice 1 h [f,3) = = 2.33, p <
005], 6h [t(13) = 242, p< 005], and 24 h [t(14) =—348
p <0.01] after guanosine treatment when compared to control
group as indicated in Fig. 3d. In the PFC, Student’s 7 test
revealed significant differences in BDNF levels | h after gua-
nosine administration [#3, = — 4.11, p < 0.01] but no differ-
ences were observed after 6 h [¢;3) = — 0.31, p = 0.76], and
24 h [tq4)=— 1.35, p = 0.20] (Fig. 3e).

A single administration of guanosine, similar to ketamine,
elicited rapid effect in the NSF, but did not alter total dendritic
spine density or maturation in the ventral DG

Guanosine was able to reduce latency to feed in the NSF
1 h after its administration [/ »7,=9.14, p < 0.01]. A similar
result was obtained when mice received a single administra-
tion of ketamine [F(; 27y=9.14; p <0.01] (Fig. 4c). There was
no change in food consumption in the guanosine-treated
group [F(j27) = 0.43, p = 0.43] or in the ketamine-treated
group [F(127) = 0.43, p = 1.00] when compared to control
group (Fig. 4d). Finally, no differences were observed in loss
of body weight both in the guanosine-treated group [F{(; 27y =
0.68, p= 0.40] and in the ketamine-treated group [F(; 27
=0.68, p = 0.78] when compared to control group (data not
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shown). Also, no change in the latency to feed was observed
in mice that received vehicle administered by i.p. route as
compared with those that received distilled water orally (data
not shown).

Figure 4 ¢ shows representative images of the different
dendritic segments in the ventral DG area for each group,
and Fig. 4f shows the percentage of stubby-, mushroom-,
thin-, and filopodia-shaped spines following the administra-
tion of guanosine or ketamine. No alteration was observed in
total spine density in the ventral DG in any group (Fig. 4g)
(Kruskal-Wallis test = 0.0033; p = 0.99). Analyses of imma-
ture spine morphology, namely stubby- (Kruskal-Wallis test =
0.003; p = 0.99), thin (Kruskal-Wallis test = 0.052; p = 0.97),
and filopodia-shape (Kruskal-Wallis test = 0.137; p = 0.99)
spines (Fig. 4, i, k), and mature spine morphology
(mushroom-shaped spines) (Kruskal-Wallis test = 0.369; p =
0.83) (Fig. 4j) showed no significant alterations after treat-
ments with ketamine or guanosine when compared to the con-
trol group.

Discussion

We provide evidence that the antidepressant-like effect of
guanosine in the TST in female mice is dependent on the
activation of AMPA receptors, VDCC, and BDNF/TrkB sig-
naling pathway. Our data also indicate that guanosine induces
a rapid increase in P70S6K (Thr*®’) phosphorylation and
synapsin I immunocontent in the hippocampus, probably as
a consequence of the activation of AMPA receptors and
BDNF/TrkB pathway. Guanosine caused an antidepressant-
like effect 1 h, 6 h, and 24 h after its administration accompa-
nied by a rapid and sustained increase in BDNF levels in the
hippocampus and by rapid but not sustained BDNF increment
in the PFC of mice. Although a single administration of gua-
nosine, like ketamine, was capable of causing the fast behav-
ioral response in the NSF test, it was not accompanied by an
increment on dendritic spines density and remodeling in the
ventral DG.

The antidepressant properties of guanosine were shown for
the first time in a study that indicated that this nucleoside
decreased the immobility time in the TST and FST in mice
of either sex [20]. In the same study, the activation of PI3K/
Akt and mTOR pathway was reported to be crucial for the
behavioral responses of guanosine in the TST. Guanosine also
induced antidepressant-like effects in female mice subjected
to acute restraint stress, an effect associated with its ability to
reduce hippocampal oxidative damage [49]. In addition, the
chronic administration of guanosine caused an antidepressant-
like effect paralleled by the enhancement of hippocampal
neuroblasts differentiation [50]. More recently, we showed
that the antidepressant-like effect of guanosine in female mice
also involves the inhibition of GSK-3f3, as well as activation
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of MAPK/ERK and Nrf2/HO-1 signaling pathways [34]. To
further give insight into the mechanisms underlying the
antidepressant-like effect of guanosine, in the present study,
we investigated the role of upstream and downstream targets
of mTOR pathway in the behavioral response of female mice
treated with guanosine and assessed in the TST. Female mice
were chosen considering that the prevalence of depression is
about twofold higher in women than in men, and also based
on previous mentioned studies that investigated the antide-
pressant effects of guanosine in female mice [1].

In the first set of experiments, we found that the adminis-
tration of DNQX, an AMPA receptor antagonist, abolished
the anti-immobility effect of guanosine in the TST. This find-
ing is suggestive that the antidepressant-like effect of guano-
sine is dependent on the activation of AMPA receptors.
Accordingly, targeting AMPA receptors has been proposed
as a therapeutic approach for the treatment of depression.
AMPA activation is required for antidepressant activity, since
mice with a deletion in AMPA receptor (Glu subunit Al)
exhibited a depressive-like behavior [51]. Further supporting
the role of AMPA receptors in the physiopathology of depres-
sion, it was reported that positive AMPA receptor modulators,
including ampakines that potentiate currents mediated by
AMPA receptors [52] have antidepressant-like properties in
the TST and FST [53]. Of note, the activation of AMPA re-
ceptors is demonstrated to underlie the antidepressant effects
of glutamatergic modulators, particularly the fast-acting anti-
depressant agent ketamine [14, 45]. Of particular interest, the
administration of DNQX at the same dose used herein was
previously demonstrated by our group to be able to complete-
ly prevent the antidepressant-like effect of ketamine in the
TST, but failed to prevent the antidepressant-like effect of
the conventional antidepressant fluoxetine in this test [30].
Several reports have indicated that AMPA receptor antago-
nists were also able to reverse the behavioral responses of
other drugs, such as the mGlu group II receptor antagonist
LY341495 [54]. Indeed, the antidepressant-like effect of
LY341495 was also reversed by rapamycin [46, 55], and re-
cently, LY341495 was reported to elicit fast-acting antide-
pressant response [56]. These results are similar to those re-
ported for ketamine [14] and are in line with the assumption
that the activation of AMPA receptors may be associated with
fast antidepressant responses [57]. Therefore, these drugs and
guanosine may share similar neuronal mechanisms that may
be triggered by AMPA receptor stimulation to cause antide-
pressant effects. A recent study also showed that the
antidepressant-like effects of three methoxetamine (MXE) an-
alogs (that act as NMDA receptor antagonists) were blocked
by the AMPA receptor antagonist NBQX, a finding that im-
plicates AMPA receptor activation in their effects [58].

We also demonstrated that VDCCs are essential to
antidepressant-like effect of guanosine in TST since verapamil
treatment was able to abolish the anti-immobility effect of

guanosine in the TST. This stimulation of VDCC plays
a critical role for the rapid antidepressant effects of
ketamine [8] and scopolamine [59]. Of note, the activa-
tion of these channels that occurs as a consequence of
AMPA receptor activation is implicated with the release
of BDNF [12, 60].

In the present study, we also demonstrate that the
antidepressant-like effect of guanosine is dependent on
TrkB/BDNF pathway. This conclusion is based on the fact
that both the antagonist of TrkBK-252a and the BDNF anti-
body were effective to abolish the antidepressant-like effect of
guanosine. Similar to these findings, the administration of
these pharmacological tools was effective to counteract the
effect agmatine [31], an endogenous compound that has been
shown to exert fast antidepressant responses in animal models
of depression in a way similar to ketamine [47, 48]. Moreover,
the administration of the BDNF antibody into the mPFC was
shown to abolish the behavioral effects of ketamine in the FST
[8].

The activation of BDNF/TrkB signaling leads to the acti-
vation of PI3K/Akt pathway [61] which in turn leads to
mTORCI activation with the consequent increase in the trans-
lation of synaptic proteins implicated in synaptogenesis [14,
27]. The activation of mTOR is associated with increased
phosphorylation of P70S6K and eukaryotic initiation factor
4E-binding protein 1 (4E-BP-1). P70S6K and 4E-BP-1 pro-
mote the initiation of protein translation for the synthesis of
synaptic proteins such as synapsin [ and PSD-95 [14]. Deficits
in mTOR-dependent translation initiation, particularly via the
P70S6K/elF4B pathway, were found in the PFC of depressed
individuals [62]. Moreover, a reduced expression PSD-95 in
PFC of depressed subjects was observed in postmortem stud-
ies [63—65]. Importantly, antidepressant mechanism of keta-
mine and LY 341495 involves the increase in phosphorylation
of P70S6K and expression of synaptic protein PSD-95 [14,
55]. Here, we found that 60 min after guanosine administra-
tion, mice presented an increase in p70S6K phosphorylation
at Thr*®® and in the immunocontent of hippocampal synapsin
I, a protein that contributes to the anchoring of synaptic ves-
icles [66], indicating the importance of these targets for the
antidepressant-like effect of guanosine. However, no effect on
these parameters were observed in the PFC. The phosphory-
lation of P70S6K is a downstream event to mTOR phosphor-
ylation, therefore indicative of mTOR activation, in line with
the fact that the inhibitor of mTOR rapamycin was effective to
abolish the antidepressant-like effect of guanosine in the TST
[20]. Regarding the differences observed in the neurochemical
parameters analyzed in the hippocampus and prefrontal cor-
tex, the result of P70S6K phosphorylation at Thr*™ is in line
with the reported ability of guanosine and ketamine adminis-
tered in combination at subthreshold doses to stimulate
P70S6K phosphorylation (Thr’®®) in the hippocampus, but
not in the PFC [67]. A single dose of ketamine was also
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reported to increase the phosphorylation of this protein in the
hippocampus [36], a result similar to that obtained with the
administration of guanosine. Regarding the increase in hippo-
campal synapsin | elicited by the administration of guanosine,
it is similar to the result obtained 1 h after the administration of
ascorbic acid, a compound that shares with ketamine the abil-
ity to increase dendritic spine density in the ventral DG [36].
The absence of alteration of PSD-95 following guanosine ad-
ministration observed in the present study suggests that this
parameter was not sensitive to guanosine administration under
the experimental conditions used and future investigation with
different time periods of analysis and other guanosine doses
should address this issue.

The results obtained in the TST observed 1 h, 6 h, and 24 h
after treatment corroborate and extend previous findings per-
formed by our group demonstrating that guanosine was able to
reverse the increase in immobility time induced by acute re-
straint stress approximately 8 h after treatment and to elicit an
antidepressant-like effect in control mice not submitted to
stress (after 8 h of its administration) [49], but no previous
evidence has indicated that the effect of guanosine persists
24 h after its administration. These results point to similarities
between the behavioral profile of guanosine and ketamine
since ketamine was capable of eliciting antidepressant-like
effect in the TST 24 h after its administration [47, 48].
Considering the relatively short elimination half-life of either

Fig. 5 Schematic diagram of the
proposed mechanisms underlying
the antidepressant-like effect of
guanosine. The present study to-
gether with previous findings
suggest that guanosine exerts
antidepressant-like effect by a
mechanism similar to ketamine.
Particularly, present results sug-
gest that this nucleoside causes
AMPA receptor activation (1),
which in turn results in the acti-
vation of VDCC (2) that induces
release of BDNF (3), which sub-
sequently stimulates TrkB (4).
The stimulation of PI3K/Akt
downstream signaling pathways
(5) and mTOR (6), as reported
previously [20], occurs as a con-
sequence, leading to the phos-
phorylation of P70S6K (Thr*®")
and local translation of proteins
(7), including expression of syn-
aptic proteins such as synapsin I
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guanosine and ketamine administered to mice [68, 69], it is
possible that the effects of guanosine and/or ketamine are a
consequence of rapid onset mechanisms which persist during
the time, even in the absence of appreciable plasma/brain
levels of these drugs, and/or due to the presence of their
metabolites.

The fact that guanosine treatment failed to induce alter-
ations in the time and number of entries in the center of the
apparatus and in the number of grooming in the OFT, anxiety-
related parameters [70] in any of the time points analyzed,
suggests that at the very low doses employed here (0.05
mg/kg, p.o.) guanosine does not exert anxiolytic effects in
the OFT. It is interesting to note that the dose of guanosine
used in the present study is lower than the one reported to
cause anxiolytic-like effect in male rats (7.5 mg/kg, i.p.) in
the OFT, and elevated plus maze and light/dark box [71].
An anxiolytic effect of guanosine was also observed following
its chronic administration (2 weeks ad libitum consumption at
0.5 mg/ml) to mice [72]. These discrepancies raise the possi-
bility that guanosine dose, protocol of administration, specie,
and sex may account for the different results regarding its
ability to produce anxiolytic effects.

Interestingly, a single administration of guanosine was ca-
pable of increasing BDNF levels in the hippocampus and PFC
of mice just 1 h after guanosine treatment, an effect that
persisted up to 24 h in the hippocampus but was transient in
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the PFC. MDD is associated with dysfunction and atrophy of
hippocampus and PFC, brain regions involved in emotional
processing, recompense systems, and executive functions
[73-75]. The hippocampus plays a key role in learning, mem-
ory and regulation of mood [65, 76] and has high
neuroplasticity capacity [77], whereas the PFC selects infor-
mation and performs executive functions necessary to control
the cognitive processing of the information [78]. It is well
known that BDNF has an important role in the mechanism
of action of chronically administered conventional antidepres-
sants [79, 80]. It has been shown that chronic administration
of several antidepressants increased BDNF mRNA and pro-
tein levels in the hippocampus and/or PFC of rodents [81].
Conversely, the acute administration of conventional antide-
pressants is not capable of increasing BDNF levels in the
hippocampus and PFC of rodents [82]. Different from con-
ventional antidepressants, previous studies have shown that
ketamine was able to acutely increase hippocampal and
prefrontocortical BDNF mRNA and protein levels [24, 37,
83]. Importantly, the expression of the BDNF Met allele in
mice (a polymorphism that impairs trafficking of BDNF
mRNA to dendrites) results in basal synaptic deficits and ab-
rogates synaptogenic and antidepressant actions of ketamine
in PFC, suggesting that BDNF also has an important role in its
therapeutic effect [8, 84]. Similar to the result reported here
with guanosine, the administration of the low-impact
ampakine CX717 produced a rapid (up to 1 h) increase on
BDNF on medial PFC [85], raising the hypothesis that
BDNF may be acutely released following AMPA receptor acti-
vation. Indeed, ketamine was reported to be able to release
BDNF in primary cortical neurons, an effect blocked by inhibi-
tion of AMPA receptors or blockade of L-type VDCCs [8].
Therefore, considering our results that indicate the participation
of these targets in the effect of guanosine in the TST, the rapid
increase on BDNF levels following the administration of guano-
sine is likely dependent on these events, similar to ketamine, but
this hypothesis deserves further studies to be confirmed.

We also showed that a single administration of guanosine
reduced the latency to feed in the NSF test, in agreement with
a previous study that reported a similar result in male Swiss
mice [86], indicating that guanosine is effective in this test
either in female and male Swiss mice. Ketamine, used here
as a positive control, also reduced the latency to feed in the
NSF test, confirming previous studies and reinforcing the no-
tion that this test is useful to detect fast-acting antidepressant
agents [36, 86]. Accordingly, this test is sensitive to chronic
but not acute administration of conventional antidepressants
[87]. The latency to feed reflects how the animal copes with a
behavioral conflict. Because the ability to solve conflicts is
inversely related to anxiety and depression, and since NSF test
assesses anhedonia in a situation where there is a conflict
between food reward and novel open space, this test has been
used for depression-related assessments [88]. Therefore, our

results further corroborate with the hypothesis that guanosine
may elicit fast antidepressant-related behavioral response.
Interestingly, in line with this hypothesis, a recent study indi-
cated that the acute administration of guanosine was effective
to counteract the depressive-like behavior induced by olfacto-
ry bulbectomy in mice in a way similar to ketamine by a
mechanism dependent on mTOR activation [89].

We investigated if the effects of guanosine and ketamine in
the NSF test would be associated with an increase on dendritic
spine density or maturation in the ventral DG of mice (evaluated
75 and 45 min after its administration, respectively). Ventral DG
is recognized as related to stress, emotion, and affect [90].
Interestingly, chronically administered guanosine increased the
number of immature neurons specifically in the ventral hippo-
campal DG [50]. However, neither guanosine nor ketamine al-
tered dendritic spine density in this region. Indeed, ketamine was
recently reported to increase the total dendritic spine density in
the ventral DG when administered to female Swiss mice at the
same dose used in the present study, but administered about
70 min (a time period longer than the one used here) before the
morphological analyses. Therefore, future studies should inves-
tigate if a longer time period elapsed between guanosine admin-
istration and the morphological analyses is required to affect this
parameter. No alterations were also observed in the subtypes of
dendritic spines, either in filopodium-, stubby-, and thin-shaped
dendritic spines that are considered immature spines or
mushroom-shaped dendritic spines that mature spines [56, 91].
These results reinforce the notion that the experimental protocol
used was not enough to alter dendritic maturation, despite being
effective to cause behavioral effects in the NSF test. Altogether,
these results suggest that the behavioral response of guanosine is
accompanied by neurochemical alterations related to enhance-
ment of hippocampal synaptic plasticity, that probably precedes
any morphological alteration in dendritic spines.

Conclusions

Collectively, the results indicate that guanosine exerts
antidepressant-like effects by acutely activating AMPA recep-
tor, VDCC, and BDNF/TrkB signaling. Of note, its
antidepressant-like effect is paralleled with increased levels
of BDNF, especially in the hippocampus up to 24 h. In addi-
tion, guanosine increased the p70S6K (Thr**®) phosphoryla-
tion and the immunocontent of the synaptic protein synapsin I
in the hippocampus of mice. Figure 5 summarizes the effects
of guanosine observed in the present study that is consistent
with the hypothesis that it modulates critical targets for rapid
antidepressant responses [16]. Despite these promising re-
sults, we should bear in mind that at the experimental condi-
tions of the present study guanosine failed to increase the
dendritic spine density and remodeling in ventral dentate
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gyrus, the p70S6K phosphorylation in PFC, and PDS-95 in
the PFC and hippocampus.

It is important to highlight that guanosine is an endogenous
purine-based nucleoside that has been reported to exert neu-
roprotective effects [18, 68]. Besides this neuroprotective
property, guanosine has a favorable safety profile [92], which
warrant that it should be further investigated as an alternative
therapeutic strategy that may replace or ameliorate the adverse
effects of ketamine for treatment-resistant depression.
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