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ARTICLE INFO ABSTRACT

Keywords: Ketamine has been reported to exert a prophylactic effect against stress-induced depressive-like behavior by
Corticosterone modulating the guanosine-based purinergic system. However, the molecular pathways underlying its prophy-
DePYCSSion lactic effect and whether guanosine also elicits a similar effect remain to be determined. Here, we investigated
Iéitaa:;lsrife the prophylactic effect of ketamine and guanosine against corticosterone (CORT - 20 mg/kg, p.o.)-induced

depressive-like behavior in mice. Furthermore, we characterized if the prophylactic response may be associated
with mTORC1-driven signaling in the hippocampus and prefrontal cortex. A single administration of ketamine
(5mg/kg, i.p.), but not guanosine (1 or 5mg/kg, p.o.), given 1 week before the pharmacological stress prevented
CORT-induced depressive-like behavior in the tail suspension test (TST) and splash test (SPT). Fluoxetine
treatment for 3 weeks did not prevent CORT-induced behavioral effects. A single administration of subthreshold
doses of ketamine (1 mg/kg, i.p.) plus guanosine (5mg/kg, p.o.) partially prevented the CORT-induced de-
pressive-like behavior in the SPT. Additionally, CORT reduced Akt (Ser*’®) and GSK-3p (Ser®) phosphorylation
and PSD-95, GluAl, and synapsin immunocontent in the hippocampus, but not in the prefrontal cortex. No
alterations on mTORC1/p70S6K immunocontent were found in both regions in any experimental group. CORT-
induced reductions on PSD-95, GluAl, and synapsin immunocontent were prevented only by ketamine treat-
ment. Collectively, these findings suggest that ketamine, but not guanosine, exerts a prophylactic effect against
depressive-like behavior, an effect associated with the stimulation of long-lasting pro-synaptogenic signaling in
the hippocampus.

Prophylactic effect

1. Introduction

Major depressive disorder (MDD), a prevalent and pervasive psy-
chiatric condition affecting more than 300 million individuals, is the
most cause of disability worldwide (World Health Organization, 2017).
Importantly, stress exposure is the main risk factor for the onset of
depressive symptoms (Otte et al., 2016) and several lines of evidence
have shown that increased levels of cortisol are associated with de-
pressive episodes (Goodyer et al., 2000; Harris et al., 2000). For in-
stance, compelling evidence has revealed associations among subjective

well-being, MDD, anxiety, and alexithymic traits during the COVID-19
pandemic, a high-stress condition that may increase suicide risk (De
Berardis et al., 2017; Pappa et al., 2020; Tang et al., 2020). Of note,
depressive-like behavior has been reported in rodents subjected to
chronic unpredictable stress or repeated administration of corticos-
terone (Li et al., 2011; Moretti et al., 2012; Pazini et al., 2016; Zeni
et al., 2019). However, current monoamine-based antidepressant drugs
have reduced efficacy and large time-lag for exerting a therapeutic re-
sponse, and these are significant limitations for patients with severe
MDD and at risk of suicide (Kaster et al., 2016; Papakostas and lonescu,

Abbreviations: Akt, Protein kinase B; AMPA, Alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic acid; ANOVA, Analysis of variance; CORT, Corticosterone;
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Major depressive disorder; mTORC1, Mechanistic target of rapamycin protein complex 1; NMDA, N-Methyl-p-aspartate; NSF, Novelty-suppressed feeding test; OFT,
Open-field test; p.o., Per oral; P70S6K, 70 kDa ribosomal protein S6 kinase; PSD-95, Postsynaptic density protein-95 kDa; SPT, Splash test; TST, Tail suspension test.
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2015). Therefore, novel antidepressants with new mechanisms of action
are a major focus of current drug development. Reinforcing this as-
sumption, agomelatine that targets the melatonergic system has been
reported to be effective as an antidepressant drug, which could be a
novel intriguing antidepressant option (Pompili et al., 2013).

However, the most promising advance for the treatment of MDD
emerged with the discovery of ketamine, an N-Methyl-p-aspartate
(NMDA) receptor antagonist that produces fast and sustained anti-
depressant responses (Berman et al., 2000; Zarate et al., 2006). Keta-
mine can relieve depressive symptoms within hours after a single dose
and its effects can last up to 2 weeks, even in treatment-resistant pa-
tients with suicidal ideation (DiazGranados et al., 2010; Price et al.,
2009; Zarate et al., 2006). Compelling reports have shown that the
antidepressant effect of ketamine is dependent on the mechanistic
target of rapamycin protein complex 1 (mTORC1) signaling pathway
and synaptic protein synthesis (Li et al., 2011; Li et al., 2010; Sarkar
and Kabbaj, 2016). mTORC1 stimulation controls synaptic protein
translation such as postsynaptic density protein-95kDa (PSD-95),
alpha-amino-3-hydroxy-methyl-5-4-isoxazole propionic acid (AMPA)
receptor subunits 1 (GluAl), and synapsin, which are essential for
spinogenesis and synaptogenesis (Abdallah et al., 2016). Notably, es-
ketamine was approved for adults with treatment-resistant MDD (Wei
et al., 2020). A study by Brachman et al. (2016) has provided
groundbreaking evidence that ketamine is also effective as a prophy-
lactic agent against stress-induced depressive-like behavior, opening
novel perspectives for the design of strategies to prevent MDD. Of
special interest, McGowan et al. (2018) showed that the prophylactic
effect of ketamine against stress was associated with increased levels of
guanosine precursors, guanosine's diphosphate and triphosphate, both
in the hippocampus and prefrontal cortex, suggesting an interaction
between ketamine and the purinergic system.

We previously reported that guanosine, an endogenous guanine-
based purine, could be a novel agent to exert fast antidepressant-like
responses or even potentiate the actions of ketamine (Almeida et al.,
2020; Camargo et al., 2020a; Camargo and Rodrigues, 2019). This
nucleoside is a neuromodulator with remarkable neurotrophic and
neuroprotective effects (Bettio et al., 2016; Di Liberto et al., 2016;
Tasca et al., 2018). Of note, guanosine administered systemically or
centrally produces an antidepressant-like effect in the tail suspension
test (TST) and forced swimming test (FST) through the modulation of
NMDA receptors and the mTORC1 pathway (Bettio et al., 2012).
Moreover, a single administration of guanosine exerted a fast onset
antidepressant-like effect in the olfactory bulbectomy mice model
(Almeida et al., 2020). The ability of guanosine to augment the anti-
depressant-like and pro-synaptogenic effects of subthreshold doses of
ketamine in the novelty-suppressed feeding test (NSF) and TST was also
demonstrated (Camargo et al., 2019; Camargo et al., 2020a). Note-
worthy, a single combined administration with subthreshold doses of
ketamine and guanosine was effective in counteracting corticosterone
(CORT)-induced depressive-like behavior 24h after treatment
(Camargo et al., 2020b). However, it remains to be determined if
guanosine could be effective as a prophylactic agent or even potentiate
the prophylactic actions of ketamine against stress.

Considering that ketamine-induced mTORC1-driven pro-synapto-
genic effect has a long-lasting window (Li et al., 2011; Moda-Sava et al.,
2019), we hypothesized that this response could be associated with its
prophylactic effect against CORT-induced depressive-like behavior.
Moreover, taking into account that ketamine may modulate the pur-
inergic system (McGowan et al., 2018) and guanosine shares some
common molecular targets to ketamine (Camargo and Rodrigues,
2019), we also hypothesized that this nucleoside could elicit a pro-
phylactic effect or would be able to potentiate the ketamine's effects.
Therefore, the present study had three major purposes. First, we aimed
to validate the prophylactic effect of ketamine against the depressive-
like behavior elicited by the repeated administration of corticosterone
(a protocol that mimics chronic stress) and characterize if this response
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may be associated with mTORC1-mediated signaling. Second, we in-
vestigated the possible prophylactic effect of guanosine against this
same protocol of corticosterone administration and whether the mod-
ulation of mTORCI signaling could be associated with this response.
Third, we evaluated the ability of the combined administration of ke-
tamine and guanosine to exert a prophylactic response and the role of
mTORCI signaling.

2. Material and methods
2.1. Animals

Male Swiss mice (55-60 days of age) were housed in groups of 8 in a
cage (41 x 34 x 16 cm), under controlled temperature (21 = 1°C)
and humidity (50 = 20%) with a 12:12 h light/dark cycle (lights on at
7:00 a.m.), and with free access to food and water. The animals were
used according to the National Institute of Health Guide for the Care
and Use of Laboratory Animals, and the experiments were performed
after approval of the protocol by the Institutional Ethics Committee.

2.2. Drugs and treatments

Mice received a single administration of ketamine (1 or 5mg/kg,
i.p., dissolved in 0.9% saline) or guanosine (1 or 5mg/kg, p.o., dis-
solved in distilled water) 1 week prior to the administration of vehicle
or CORT. Both drugs were administered in a volume of 10 ml/kg body
weight. In another set of experiments, mice were daily administered
with fluoxetine (10mg/kg, p.o., dissolved in distilled water) for
3 weeks before the onset of the administration of vehicle or CORT. In
the last set of experiments, mice received a single administration of
ketamine (1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o.) 1 week before
the administration of vehicle or CORT. Vehicle or CORT (20 mg/kg,
dissolved in distilled water with 2% Tween 80 and 0.2% DMSO) was
administered by gavage (p.o.) once a day (between 9:00 a.m. and
10a.m.) for 21 days. On the 22nd day, 24 h after the last CORT ad-
ministration, animals were subjected to the depression-related beha-
vioral tests (10 min apart). Subsequently, mice were immediately eu-
thanized by decapitation, and the hippocampus and prefrontal cortex
were collected for western blotting analysis. The drugs (Sigma
Chemical Co., St. Louis, USA) were freshly prepared before adminis-
tration, and all doses and time points of administration were chosen
based on previous studies (Bettio et al., 2012; Brachman et al., 2016;
Camargo et al., 2020a; Pazini et al., 2016). A diagram of the treatment
regimen, behavioral and neurochemical analyses is provided in Fig. 1.

2.3. Tail suspension test (TST)

The total immobility time of mice suspended by the tail was mea-
sured as previously proposed (Steru et al., 1985). Visually isolated mice
were suspended 50 cm above the floor by adhesive tape placed ap-
proximately 1 cm from the tip of the tail. Immobility time was recorded
for 6 min by an experienced observer blind to the experimental groups.
Mice were considered immobile only when they hung passively and
completely motionless.

2.4. Open-field test (OFT)

Mice were individually subjected to the OFT as previously described
(Rodrigues et al., 1996). 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 for 6 min was
considered a parameter of locomotor activity.

2.5. Splash test (SPT)

The SPT consists of squirting a 10% sucrose solution (w/v) on the
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A Treatment schedule

Day 1 Day 2 Day 8

Day 29  Day 30

Behavioral tests

Western blotting

— ;
Ket (1 or 5 mg/kg, i.p) or
Guo (1 or 5 mg/kg, p.o.)

Day 1 Day 21 Day 22

Corticosterone (20 mg/kg, p.o.) or vehicle

Day 42  Day 43

Behavioral tests
Western blotting

FIx (10 mg/kg, p.o.)

Day 1 Day 2 Day 8

Corticosterone (20 mg/kg, p.o.) or vehicle

Day 29  Day 30

Behavioral tests
Western blotting

Ket (1 mg/kg, i.p) +
Guo (5 mg/kg, p.o.)

Corticosterone (20 mg/kg, p.o.) or vehicle

Fig. 1. Experimental design and schedule of the treatment regimen, behavioral and neurochemical analyses. a Mice were treated with a single administration of
ketamine (1 or 5mg/kg, i.p.) or guanosine (1 or 5 mg/kg, p.o.) 1 week prior to the administration with vehicle or corticosterone. b Mice were daily administered with
fluoxetine (10 mg/kg, p.o.) for 3 weeks before starting the chronic administration with vehicle or corticosterone. ¢ Mice were treated with a single administration of a
subthreshold dose of ketamine (1 mg/kg, i.p.) plus a high dose of guanosine (5 mg/kg, p.o.) 1 week before the administration with vehicle or corticosterone. a, b, ¢
Vehicle or corticosterone (20 mg/kg) was administered orally (p.o.), once a day, for 21 consecutive days. On the 22nd day, 24 h after the last corticosterone
administration, animals were subjected to the depression-related behavioral tests, namely tail suspension test, open-field test, and splash test (10 min apart).
Subsequently, mice were immediately euthanized by decapitation and the hippocampus and prefrontal cortex were collected for western blotting analysis. Figure

designed using images from Mind the Graph.

dorsal coat of mice placed in clear boxes (12 X 20 x 30 cm). Due to its
viscosity, the sucrose solution dirties the mice which then initiate a
grooming behavior. After applying the sucrose solution, the latency
time to the first grooming and the total time spent grooming were re-
corded for 5min, as an index of self-care and motivational behavior
(Rosa et al., 2014; Willner, 2005).

2.6. Western blotting

Western blotting was conducted as previously described (Leal et al.,
2020). The hippocampus and prefrontal cortex 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 Na3VOy,, 1%Triton X-100, 10% glycerol, and
protease inhibitor cocktail. Lysates were centrifuged (10,000g for
10 min, at 4 °C) and the supernatants were diluted 1/1 (v/v) in 100 mM
TRIS pH 6.8, 4mM EDTA, 8% SDS, and boiled for 5min. Thereafter,
sample dilution (40% glycerol, 100 mM TRIS, bromophenol blue,
pH6.8) in the ratio 25:100 (v/v) and [3-mercaptoethanol (final con-
centration 8%) were added to the samples. Protein content was quan-
tified using bovine serum albumin (BSA) as a standard (Peterson,
1977). The samples containing 60 ug protein/track were separated by
SDS-PAGE using 7-10% gel and the proteins were transferred to ni-
trocellulose membranes using a semi-dry blotting apparatus (1.2 mA/

cm2; 1.5h). To verify the transfer efficiency process, membranes were
stained with Ponceau and subsequently, the membranes were blocked
with 5% BSA in TBS (10 mM Tris, 150 mM NaCl, pH7.5). The im-
munocontent of total and phosphorylated forms of protein kinase B (Akt
- Ser*”3, #9271), glycogen synthase kinase 3p (GSK-3p — Ser®, #9336),
mTORC1 (Ser®**®, #2971) and 70kDa ribosomal protein S6 kinase
(p70S6K — Thr*% #9205), as well as the total immunocontent of Akt
(#9272), GSK-3p (#9315), mTORC1 (#2972), p70S6K (#9202), PSD-
95 (#2507), GluA1l (#13185), synapsin (#2312), and B-actin (loading
control, #4970) were detected using specific antibodies (Cell Signaling,
1:1000) diluted in TBS-T (10 mM Tris, 150 mM NacCl, 0.1% Tween-10,
pH7.5) containing 2.5% BSA and incubated overnight. Next, the
membranes were incubated with a horseradish peroxidase-conjugated
secondary antibody (Cell Signaling, 1:2500) for 60 min, and the im-
munoreactive bands were developed using a chemiluminescence kit
(Amersham ECL Select, Piscataway, USA). The optical density (OD) of
the bands was quantified using Image Lab Software® 4.1 (Bio-Rad La-
boratories). The phosphorylation levels of Akt, GSK-33, mTOR, and
p70S6K were determined as a ratio of OD of the phosphorylated band
over OD of the total band. The immunocontent of PSD-95, GluA1l, and
synapsin was determined as a ratio of the specific protein band over the
OD of the fB-actin band. Results are expressed as compared to the
control group 100%.
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Fig. 2. Effect of a single administration with ketamine (Ket — 1 or 5 mg/kg, i.p.) 1 week prior to the administration with vehicle or corticosterone (CORT - 20 mg/kg,
p.o.) on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Ketamine (5 mg/kg, i.p.) administration prevented
CORT-induced increase in the immobility time in the TST (n = 8). b, ¢ Ketamine (5 mg/kg, i.p.) administration prevented the increase in the grooming latency and
reduction in the total time of grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the OFT (n = 8). e, f
Representative bands of phospho-Akt (Ser®”®), Akt, phospho-GSK-3p (Ser’), GSK-3pB, phospho-mTOR (Ser®**®), mTOR, phospho-p70S6K (Thr®®%), p70S6K, PSD-95,
GluAl, synapsin, and (3-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus and (h) prefrontal
cortex. Values are expressed as means + S.EM (n = 7). ** p < .01 as compared with the vehicle-treated group; ## p < .01 as compared with the CORT-treated

group (two-way ANOVA followed by Newman-Keuls post hoc test).
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2.7. Statistical analysis

The D'Agostino-Pearson test was used to assess data normality. The
differences among experimental groups were determined by two-way
analysis of variance (ANOVA) followed by Newman-Keuls post hoc test,
when appropriate. Data are presented as mean * standard error of
mean (SEM). A value of p < .05 was considered significant.

3. Results

3.1. Ketamine prevents CORT-induced depressive-like behavior and
hippocampal synaptogenic markers deficits

The first set of experiments was designed to validate herein the
prophylactic effect of ketamine previously shown in C57BL/6NTac mice
(Brachman et al., 2016). Chronic CORT administration significantly
increased the immobility time (a behavioral despair behavior) in the
TST (p < .01; Fig. 2a) and the latency to first grooming (indicative of
impaired self-care behavior) in the SPT (p < .01; Fig. 2b). Ad-
ditionally, CORT administration reduced the time spent grooming (an
anhedonic marker) in the SPT (p < .01; Fig. 2¢). No effect was ob-
served in the number of crossings in the OFT (Fig. 2d). These results
indicate that the CORT protocol induced a depressive-like phenotype.
In contrast, a single administration of ketamine at dose 5 mg/kg, i.p.,
but not 1 mg/kg, i.p., significantly prevented the increase in immobility
time and grooming latency (p < .01), and the reduced total time of
grooming (p < .01) induced by CORT. These results suggest that ke-
tamine was effective in producing a prophylactic effect against the
depressive-like behavior elicited by CORT administration.

We next sought to investigate whether the mTORC1-mediated sig-
naling pathway may be associated with the prophylactic effect of ke-
tamine. Fig. 2 shows the influence of CORT administration and/or ke-
tamine treatment on the phosphorylated forms of protein kinase B (Akt
- Ser*”?), glycogen synthase kinase 3B (GSK-3p — Ser?), mTOR (Ser>**®),
and 70 kDa ribosomal protein S6 kinase (p70S6K — Thr®®), as well as
the immunocontent of PSD-95, GluAl, synapsin in the hippocampus
(Fig. 2e, g) and prefrontal cortex (Fig. 2f, h) of mice. CORT adminis-
tration significantly reduced Akt and GSK-3[3 phosphorylation and PSD-
95, GluAl, and synapsin immunocontent in the hippocampus of mice
(p < .01). No significant effects of any treatment were observed on
mTOR and p70S6K phosphorylation in the hippocampus. However, a
single administration of ketamine (5mg/kg, i.p.) 1 week prior to the
CORT administration significantly prevented the reduction on PSD-95,
GluAl, and synapsin immunocontent induced by this hormone in the
hippocampus (p < .01). Conversely, ketamine treatment was not ef-
fective in preventing CORT-induced decrease on hippocampal Akt and
GSK-3p phosphorylation. Furthermore, no significant alterations on the
phosphorylation levels of Akt, GSK-33, mTOR, p70S6K, as well as on
immunocontent of PSD-95, GluA1, and synapsin were observed in the
prefrontal cortex after CORT and/or ketamine administration.

3.2. Fluoxetine is ineffective to prevent the depressive-like behavior and
hippocampal synaptogenic markers deficits induced by CORT

The second set of experiments was designed to validate whether
fluoxetine fails to exert a prophylactic effect, as previously reported in
C57BL/6NTac mice (Brachman et al., 2016). Chronic CORT adminis-
tration raised the immobility time (p < .01; Fig. 3a) and the latency to
first grooming (p < .01; Fig. 3b) in the TST and SPT, respectively.
Furthermore, CORT reduced the time spent grooming (p < .01; Fig. 3c)
in mice subjected to the SPT. No effect was observed in the number of
crossings in the OFT (Fig. 3d). Importantly, repeated fluoxetine ad-
ministration for 3 weeks before the CORT protocol was ineffective to
prevent the depressive-like behavior.

The influence of fluoxetine on mTORC1-mediated signaling was also
investigated. Fig. 3 shows the influence of CORT and/or fluoxetine
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administration on the phosphorylated forms of Akt (Ser*’®), GSK-3p
(Ser®), mTOR (Ser®**®), and p70S6K (Thr*®*°), as well as the im-
munocontent of PSD-95, GluAl, synapsin in the hippocampus (Fig. 3e,
g) and prefrontal cortex (Fig. 3f, h). CORT significantly reduced Akt and
GSK-3p phosphorylation as well as PSD-95, GluAl, and synapsin im-
munocontent in the hippocampus of mice (p < .01), but no effect was
observed on mTOR and p70S6K phosphorylation in this brain structure.
Fluoxetine treatment did not protect against CORT-induced reduction
in any hippocampal protein. Additionally, no alterations were observed
on mTORC1-related targets in the prefrontal cortex after CORT and/or
fluoxetine administration.

3.3. Guanosine is unable to prevent CORT-induced depressive-like behavior
and hippocampal synaptogenic markers deficits

We next investigated the possible prophylactic effect of guanosine, a
novel target postulated for exhibiting fast antidepressant-like responses
(Camargo and Rodrigues, 2019). Chronic CORT administration en-
hanced the immobility time in the TST (p < .01; Fig. 4a) and latency to
start the first grooming in the SPT (p < .01; Fig. 4b), as well as reduced
the time spent grooming in the SPT (p < .01; Fig. 4c). No effect was
observed in the OFT (Fig. 4d). As opposed to ketamine's results, gua-
nosine was unable to prevent any behavioral alteration induced by the
CORT.

The influence of guanosine on mTORC1-mediated signaling was
subsequently investigated. Fig. 4 shows the influence of CORT admin-
istration and/or guanosine treatment on the phosphorylation levels of
Akt (Ser*’®), GSK-3p3 (Ser”), mTOR (Ser?**®), and p70S6K (Thr®®), as
well as the immunocontent of PSD-95, GluAl, synapsin in the hippo-
campus (Fig. 4e, g) and prefrontal cortex (Fig. 4f, h). CORT protocol
significantly decreased Akt and GSK-3f phosphorylation and PSD-95,
GluAl, and synapsin immunocontent in the hippocampus of mice
(p < .01), although no alteration in any protein was observed in the
prefrontal cortex. A single administration of guanosine given before the
pharmacological stress failed to prevent the reduction induced by CORT
on Akt, GSK-3f3, PSD-95, GluA1, and synapsin immunocontent. No al-
terations on mTORC1-related targets were detected in the prefrontal
cortex after CORT and/or guanosine administration.

3.4. Ketamine plus guanosine partially prevented CORT-induced reduction
on self-care behavior, without altering hippocampal synaptogenic markers
deficits induced by CORT

Considering that guanosine potentiates the antidepressant-like of
subthreshold doses of ketamine in CORT-administered mice (Camargo
et al., 2020b), we next investigated whether this augmentation re-
sponse could be effective in producing a prophylactic effect. Chronic
CORT administration significantly increased immobility time in the TST
(p < .01; Fig. 5a) and grooming latency in the SPT (p < .01; Fig. 5b),
and reduced time spent grooming in the SPT (p < .01; Fig. 5¢). Fur-
thermore, no alteration was observed in the OFT in any group (Fig. 5d).
A single coadministration of ketamine plus guanosine partially coun-
teracted the CORT-induced increase in the grooming latency (p < .05).
However, this combined administration did not prevent the other be-
havioral alterations induced by the CORT.

The influence of ketamine plus guanosine treatment on mTORC1-
mediated signaling was next evaluated. Fig. 5 shows the influence of
CORT administration and/or ketamine plus guanosine treatment on the
phosphorylation of Akt (Ser*7®), GSK-3p (Ser”), mTOR (Ser?**®), and
P70S6K (Thr®®), as well as the immunocontent of PSD-95, GluAl, sy-
napsin in the hippocampus (Fig. Se, g) and prefrontal cortex (Fig. 5f, h).
CORT administration significantly decreased Akt and GSK-33 phos-
phorylation and PSD-95, GluAl, and synapsin immunocontent in the
hippocampus of mice (p < .01), while no alterations on these proteins
were observed in the prefrontal cortex. A single administration of ke-
tamine plus guanosine failed to prevent the reduction on Akt, GSK-3(,
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Fig. 3. Effect of repeated treatment with fluoxetine (Flx — 10 mg/kg, p.o.) before the chronic administration with vehicle or corticosterone (CORT - 20 mg/kg, p.o.)
on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Fluoxetine (10 mg/kg, p.o) administration did not prevent
CORT-induced increase in the immobility time in the TST (n = 8). b, ¢ Fluoxetine (10 mg/kg, p.o) administration did not prevent the increase in the grooming latency
and reduction in the time spent grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the OFT (n = 8). e, f
Representative bands of phospho-Akt (Ser*”®), Akt, phospho-GSK-3p (Ser’), GSK-3pB, phospho-mTOR (Ser®**®), mTOR, phospho-p70S6K (Thr®®®), p70S6K, PSD-95,
GluAl, synapsin, and (3-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus and (h) prefrontal
cortex. Values are expressed as means + S.EM (n = 7). ** p < .01 as compared with the vehicle-treated group (two-way ANOVA followed by Newman-Keuls post
hoc test).
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Fig. 4. Effect of a single administration with guanosine (Guo — 1 or 5mg/kg, i.p.) 1 week prior to the administration with vehicle or corticosterone (CORT - 20 mg/
kg, p.o.) on depression-related behaviors and synaptic markers in the hippocampus and prefrontal cortex of mice. a Guanosine (1 or 5 mg/kg, p.0) administration did
not prevent CORT-induced increase in the immobility time in the TST (n = 8). b, ¢ Guanosine (1 or 5 mg/kg, p.o) administration did not prevent the increase in the
grooming latency and reduction in the total time of grooming induced by CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the
OFT (n = 8). e, f Representative bands of phospho-Akt (Ser*”®), Akt, phospho-GSK-3p (Ser®), GSK-3p, phospho-mTOR (Ser?**®), mTOR, phospho-p70S6K (Thr>®%),
p70S6K, PSD-95, GluA1, synapsin, and B-actin in the (e) hippocampus and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus

and (h) prefrontal cortex. Values are expressed as means + S.EM (n = 7).
Newman-Keuls post hoc test).

** p < .01 as compared with the vehicle-treated group (two-way ANOVA followed by
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Fig. 5. Effect of single administration with a subthreshold dose of ketamine (Ket — 1 mg/kg, i.p.) plus an ineffective dose of guanosine (Guo - 5 mg/kg, p.o.) 1 week
before the chronic administration with vehicle or corticosterone (CORT — 20 mg/kg, p.o.) on depression-related behaviors and synaptic markers in the hippocampus
and prefrontal cortex of mice. a Ketamine 1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o) administration did not prevent the increase in the immobility time in the TST
induced by CORT (n = 8). b Ketamine 1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o) administration attenuated CORT-induced increase in the latency to first grooming
in the SPT (n = 8). c Ketamine 1 mg/kg, i.p.) plus guanosine (5 mg/kg, p.o) administration did not prevent the reduction in the time spent grooming induced by
CORT in the SPT (n = 8). d All groups of mice had comparable number of crossings in the OFT (n = 8). e, f Representative bands of phospho-Akt (Ser*”®), Akt,
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and (f) prefrontal cortex of mice. g, h Quantification of these proteins in the (g) hippocampus and (h) prefrontal cortex. Values are expressed as means + S.E.M
(n = 7). **p < .01 as compared with the vehicle-treated group; # p < .05 as compared with the CORT-treated group (two-way ANOVA followed by Newman-Keuls

post hoc test).
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PSD-95, GluAl, and synapsin induced by CORT.
4. Discussion

This study reinforces and extends the notion that a single adminis-
tration with a subanesthetic dose of ketamine given before the phar-
macological stress protects mice against CORT-induced depressive-like
behavior. Additionally, we provide evidence that ketamine's ability in
preventing the CORT-induced impairments on synaptogenic markers
occurs selectively in the hippocampus of mice, and these findings could
be associated with its prophylactic response. We also confirm the pre-
vious findings that the repeated fluoxetine administration fails to exert
a prophylactic response (Brachman et al., 2016; Chen et al., 2020), and
we demonstrated that this drug is also unable to prevent CORT-induced
reduction on hippocampal synaptogenic markers. In addition, we have
shown that guanosine is not capable of preventing CORT-induced de-
pressive-like behavior and hippocampal synaptic markers impairment,
although the combined administration of subthreshold doses of keta-
mine plus guanosine attenuated the impaired self-care behavior in-
duced by CORT.

The evidence that ketamine may have a prophylactic effect against
stress besides producing rapid-onset and long-lasting antidepressant
effects has emerged as a possible novel strategy to manage those pa-
tients at risk to develop severe MDD (Brachman et al., 2016). However,
it remains to be fully resolved whether this prophylactic effect elicited
by ketamine translate from mice to humans. In the present study, we
extend the investigations regarding the prophylactic effect of ketamine
in mice subjected to repeated administration of CORT. This experi-
mental protocol has been postulated to be useful for the study of MDD
since it induces behavioral and neurochemical alterations similar to
those occurring in patients with this disorder (Sterner and Kalynchuk,
2010; Zhao et al., 2009). Here, we found that CORT administration for
21 days robustly induced a depressive-like behavior, as evidenced by
the behavioral alterations in the TST and SPT, in agreement with pre-
vious studies (David et al., 2009; Moda-Sava et al., 2019; Rosa et al.,
2014; Zhao et al., 2008). Importantly, we showed that a single ad-
ministration of ketamine (5mg/kg, i.p.) 1week before starting the
pharmacological stress was effective in preventing the depressive-like
behavior, although a lower dose (1 mg/kg, i.p.) that exerts an anti-
depressant-like response in this model when administered following
CORT administration (Neis et al., 2018; Pazini et al., 2016), failed to
produce the same effect. The ketamine's prophylactic effect against the
behavioral effects elicited by CORT is in agreement with a previous
study, which indicated that a single administration of ketamine pre-
vented CORT-induced increase in the grooming latency in the SPT
(90 mg/kg, i.p.) and the latency to feed in the NSF test (10 and 90 mg/
kg, i.p) in C57BL/6NTac mice (Brachman et al., 2016). Furthermore,
the prophylactic efficacy of a low dose of ketamine (3 mg/kg, i.p.)
against depressive-like behavior induced by chronic unpredictable
stress (14 days) in C57BL/6 J mice subjected to the sucrose preference
test was also reported (Krzystyniak et al., 2019). Here, we provide novel
evidence that ketamine was effective in preventing the increase in the
immobility time in the TST and reduction in the total time of grooming
in the SPT induced by CORT administration in Swiss mice, reinforcing
the notion that ketamine may be a useful prophylactic strategy in at-risk
populations. The present study also provides additional evidence that
fluoxetine (10 mg/kg, p.o.) administration for 3 weeks before stress did
not protect against CORT-induced depressive-like behavior in Swiss
mice subjected to the TST and SPT. These results are in agreement with
previous studies reporting that repeated fluoxetine (18 mg/kg, p.o.)
treatment was ineffective to elicit a prophylactic effect against CORT in
the SPT and NSF test in C57BL/6NTac mice (Brachman et al., 2016;
Chen et al., 2020).

Due to recent reports showing that ketamine may affect the pur-
inergic system and that guanosine shares some common molecular
targets with ketamine (Almeida et al., 2020; Camargo et al., 2019;
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McGowan et al., 2018), we next investigated whether guanosine would
be able to afford prophylactic response against the CORT-induced de-
pressive-like behavior. Guanosine serum levels were shown to be re-
duced in patients with MDD, reinforcing the notion that this nucleoside
may play a role in the pathophysiology of this disorder (Ali-Sisto et al.,
2016). However, as opposed to the actions displayed by ketamine, a
single administration of guanosine (1 or 5mg/kg, p.o.) given 1 week
before the pharmacological stress was unable to prevent CORT-induced
depressive-like behavior. Thus, one may speculate that this nucleoside
could be only effective to produce fast (Almeida et al., 2020; Camargo
and Rodrigues, 2019), but not long-term responses against stress. Our
research group demonstrated that guanosine potentiates the anti-
depressant-like effect of a subthreshold dose of ketamine in the NSF test
and TST in the vehicle- and CORT-administered mice (Camargo et al.,
2019; Camargo et al., 2020a; Camargo et al., 2020b). Thus, we next
investigated the ability of a single administration with an ineffective
dose of guanosine (5mg/kg, p.o.) in combination with a subthreshold
dose of ketamine (1 mg/kg, p.o.) to elicit a prophylactic response. We
found that ketamine plus guanosine treatment partially prevented the
reduced self-care behavior evoked by CORT, although it did not prevent
the CORT-induced behavioral despair and anhedonic-like behavior.
However, additional studies are necessary to ascertain the long-lasting
beneficial effects of this combined treatment in self-care-related re-
sponses. Furthermore, this combined strategy was not capable of ex-
erting the full spectrum of ketamine's prophylactic actions, highlighting
the necessity to understand the mechanisms of action associated with
its long-lasting effect.

Despite the numerous studies investigating the mechanisms of ke-
tamine's antidepressant effects, few studies have focused on the me-
chanisms underlying the prophylactic effect of this drug. The available
mechanistic studies provide evidence that prophylactic ketamine
treatment may act by modulating the neural activity (Dolzani et al.,
2018; Mastrodonato et al., 2018) and promoting synaptic plasticity in
the hippocampus and prefrontal cortex (Krzystyniak et al., 2019) as
well as modulating the immune system (Mastrodonato et al., 2020),
effects likely associated with its prophylactic response. Furthermore,
the antidepressant-like effect, but not the prophylactic effect of keta-
mine was associated with its ability to increase pro-neurogenic markers
(LaGamma et al., 2018). Regarding this issue, the ketamine's prophy-
lactic effect in socially defeated 129S6/SvEvTac mice was associated
with increased AFosB expression, a transcriptional regulator of synaptic
plasticity, in the prefrontal cortex and hippocampus, whereas AFosB
transcriptional silencing in the hippocampal CA3 area inhibited the
ketamine's behavioral response (Mastrodonato et al., 2018). Ad-
ditionally, ketamine's prophylactic effect against chronic unpredictable
stress in C57BL/6 J mice was associated with an increase in dendritic
spines density in the prefrontal cortex and hippocampal CA1 and CA3
areas (Krzystyniak et al., 2019), but the signaling pathways implicated
in these effects remain to be determined.

To provide some insight into the molecular targets underpinning the
prophylactic effect of ketamine, particularly whether these targets are
similar or divergent from its antidepressant response, we investigate if
mTORC1-driven long-lasting synaptogenic signaling could be asso-
ciated with ketamine's prophylactic effect against CORT. Here, we
found that CORT robustly reduced the phosphorylation of Akt (Ser*”?),
and its downstream target GSK-3p (Ser®) in the hippocampus, but not in
the prefrontal cortex, while no alterations were detected on mTOR
(Ser***®)/p70S6K  (Thr*®*®) phosphorylation in both structures.
Additionally, CORT downregulated PSD-95, GluAl, and synapsin im-
munocontent in the hippocampus, but not in the prefrontal cortex,
suggesting a synaptogenic deficit. These results are partially in line with
prior reports showing the distinct effects of CORT administration and
chronic stress on mTORC1-related targets in the hippocampus and
prefrontal cortex (Freitas et al., 2016; Li et al., 2011; Pazini et al., 2016;
Zhu et al., 2018). Particularly, it has been shown that CORT protocol
reduced mTOR phosphorylation and synaptic proteins content in the
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hippocampus of mice without affecting p70S6K (Thr®®°) (Freitas et al.,
2016; Pazini et al., 2016), whereas chronic stress decreased Akt, mTOR,
and p70S6K phosphorylation (Zhu et al., 2018) and synaptic proteins
levels (Li et al., 2011) in the prefrontal cortex of mice and rats, re-
spectively. The exact reasons for these discrepancies are unclear but
considering that the hippocampus expresses a high density of gluco-
corticoid receptors, this aspect could make this brain region more
vulnerable to the deleterious effects of CORT administration rather than
the prefrontal cortex (Lee et al., 2002). In addition, these neurochem-
ical divergences may also be attributable to mouse strains differences or
testing conditions (Jacobson and Cryan, 2007; Lathe, 2004).

Our results unveil that CORT-induced reduction on PSD-95, GluAl,
and synapsin immunocontent was completely prevented by a single
administration of ketamine. These results suggest that ketamine is ef-
fective in preventing CORT-induced synaptic impairments in the hip-
pocampus and this effect could be associated with its behavioral pro-
phylactic effect. Reinforcing this assumption, repeated fluoxetine
treatment or a single administration of guanosine, which had no be-
havioral prophylactic effect, was not capable of preventing CORT-in-
duced synaptic markers impairment in the hippocampus, indicating
that this effect was selectively exerted by ketamine. Therefore, one may
speculate that ketamine-induced long-lasting pro-synaptogenic effect in
the hippocampus could make this brain region less prone to CORT-in-
duced synaptic impairment and could enhance the resilience of mice
against the detrimental effects evoked by this hormone. However, no
preventive effect was observed concerning the reduced Akt and GSK-3(3
phosphorylation in CORT-treated mice. Considering that ketamine af-
fects rapidly and transiently the phosphorylation of Akt and GSK-3f
(Beurel et al., 2011; Li et al., 2010; Liu et al., 2013), we cannot rule out
that these targets may also be associated with its prophylactic effect in
earlier time points. It is worth noting that the combined administration
of subthreshold doses of ketamine and guanosine, which partially pre-
vented the reduced self-care behavior, did not prevent CORT-induced
detrimental effects on hippocampal PSD-95, GluAl, and synapsin im-
munocontent, possibly because of the subtle behavioral response, not
enough to impact the pro-synaptogenic signaling. However, further
investigations are necessary to understand the possible preventive ef-
fect triggered by ketamine plus guanosine treatment and the mechan-
isms associated with this response.

5. Conclusions

Taken together, our results reinforce the notion that a single ad-
ministration of ketamine robustly exerts a prophylactic effect against
CORT administration, and provides evidence that this behavioral re-
sponse is associated with the stimulation of long-lasting pro-synapto-
genic signaling pathway, specifically in the hippocampus. Moreover, we
showed that a single administration with subthreshold doses of keta-
mine plus guanosine partially prevented CORT-induced reduction on
self-care behavior possibly conferring a subtle stress resilience that
deserves further investigation. The prophylactic effect of ketamine
could have therapeutic relevance as a potential novel strategy to
manage those patients at risk to develop severe MDD and suicide, i.e.,
individuals under high-stress conditions. Particularly in the COVID-19
pandemic, medical health workers or people in confinement with psy-
chiatric disorders are good examples of a predictably at-risk patient
population (De Berardis et al., 2017; Pappa et al., 2020; Tang et al.,
2020).

Nonetheless, this research has important caveats that need to be
considered. Taking into account that the causal relationship between
mTORC1-driven signaling and behavioral/pro-synaptogenic outcomes
elicited by ketamine's prophylactic treatment was not addressed herein,
additional experiments using rapamycin (mTORCI inhibitor) could be
undertaken to ascertain this issue. Furthermore, considering that the
stimulation of the pro-synaptogenic pathway may occur independently
of mTORC1 stimulation, further experiments using general inhibitors of
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protein synthesis (such as anisomycin) would give some insight into this
issue. Finally, although a single administration of ketamine upregulated
the pro-synaptogenic markers (PSD-95, GluAl, and synapsin) in the
hippocampus of CORT-treated mice after 4 weeks, the morphological
evaluation of spinogenesis and synaptogenesis was not addressed in the
present study. Despite these limitations, the data reported herein sug-
gest that targeting the long-lasting pro-synaptogenic signaling pathway
can induce a resilience-enhancing effect, protecting against stress-re-
lated disorders.
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